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Chapter 1 
INTRODUCTION 


Mll , t 1976> NASA « -fort to examine solar 

fiC "° ° 8y “ lth a misslon to rendezvous with Halley’s Co.net 

in “J r t" 18310 " “° UU rCqUire “ Pr ° JeCt *' " ’» »7«) 

to meet an early 1982 launch date, the purpose of the study 

was to design and to demonstrate project technology readiness by the 
summer of 1977. 


system d 1 baCk8rOUnd * ^ S * ,lta * S " d dataila <* «•» complete 
system design are described in Refs. 1 and 2. 

The critical ’’enabling technology” for a Halley Comet Ren- 
ders Mission (HCRM) is an ultra-light, highly reflecting material 
system capable of operating at high solar intensity (high temperature, 
high radiation dose) for long periods of time. 

dens ‘ r r ,T” T, Pr08ra " “ ln ‘ tlat * d Ia 1”6. a target area 

ty of 4.5 gm/m had been established for the Sail material system 

»sic film, Joints, coatings, reinforcemenc/rip stop). The Sail was 
required to operate more than 1 year at 0.3AU (11 suns); the equilibrium 
Sail temperature at that solar intensity, based on estimated properties 
was 20OC. furthermore, films (similar to those which have bl fal- 
cated for apace instrument covers) requiring production and handling 
a controlled laboratory environment were unacceptable. The total area 

° .* e fli ’ ,ht HCRM Sail ” as nearl 3 1°. 000,000 f t 2j With scrap and test 
and spare hardware, twice this quantity was required. 

By July 1977, feasibility had been demonstrated for a Sail 
material System (film. Joints, coatings, with an area density of only 
3.3 gm gm/m , producible In the required quantities and capable of 
operating at 0.25 AU (lb suns), with an equilibrium temperature of 

C. It might have been possible to go closer to the sun (with higher 
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thrust at a higher temperature) for the film, but this was not necessary 
for a successful mission and was beyond the demonstratable limits for 
the structure and spacecraft. 

Analyses arid experiments late in the study indicated a rea- 
sonable probability of achieving a Sail material system with an area 
density approaching 1.6 gro/m^, In fact, extrapolation of technology to 
such a density was more sound and defensible than the original target 
of 4.5 gm/in^ had been in Nov., 1976. 

The success of the Sail materials program and the data 
reported here is the result of coordinated four-center NASA (JPL, ARC, 
LaRC, MSFC) studies and cooperative and subcontracted efforts by a large 
group of industrial, research and academic organizations. 


As a 

ials program was 
four addressing 
report, chapter 

tool for planning, management and reporting, the mater 
organized into five major subuivisions with the first 
the film materials. The main technical body of this 
4, follows this organization. The major subdivisions 

are: 

(a) 

Basic Film 


(b) 

Coatings and Thermal Control 


(O 

Joining and Handling 


(d) 

System Performance (failure mode analysis, radiation 
effects, etc.) 


<e) 

Supporting Structures Assessment for the Heliogyro 
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Chapter 2 
SUMMARY 

The Advanced Systems Technology (AST) materials e."!ort for 
the Solar Sail, consisted of activities in five principal areas: 

(1) Basic film materials and their properties, (2) radiative coatings 
and their properties, (3) Sail material joining methodology (4) space 
environmental stability/performance assessments and (5) supporting 
structures assessment for the Heliogyro. 

In the area of basic film materials, an exhaustive survey 
was performed with the help of other NASA centers, an industry confer- 
ence for film producers, and a contracted effort at Battelle-Columbus 
Laboratories. A first choice, basic film was selected, which met all 
mission requirements. This material was Kapton H, a thermosetting polyi- 
mide manufactured by E.I. duPont. 

A series of target properties was established for the basic 
polymer film which included an areal density of £ 3 g/m 2 (this value had 
evolved from an earlier requirement of 3.6 g/m^ at the start of the 
program), thermal stability range of -130 to 250°C, thermal cycling 
capability of 1600 cycles between 210 to 250°C, high radiation resis- 
tance, tensile strength of 28,000 to 35,000 KN/m 2 and tear initiation 
resistance of about. 0.1 N/ym. Five candidate polyimides were identified 
and ranked in the following order on the basis of their properties and 
processing characteristics: The prime candidate, Kapton, directly man- 

ufactured by duPont (to meet the thickness requirement), chemically 
etched Kapton, plasma etched Kapton, and two thermoplastic polyimides: 
Ciba-Geigy B 100 (or possibly P 100) and Upjohn 2080. On the basis of 
available data and preliminary test results, directly manufactured Kapton 
was initially selected for the benchmark Solar Sail design. But further 
thermal stability testing vas performed on this material and the 
Schweitzer processed B-100 to satisfy missing data requirements. The 
conclusions were: (1) the initial properties of Kapton are superior to 

those of B 100; (2) Some B 100 properties improved on aging, but never 
exceeded those of Kapton; (3) at 250°C Kapton is significantly better 
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than B 100; (4) at 270°C both materials are at their best, and B 100 
improves, apparently by cross-linking after about 10 days exposure; 
(5) Both films meet the target properties at 250 to 270°C; at 305°C 
B 100 properties begin to deteriorate and Kapton is superior. 


Although B 100 has some advantages, e.g. potentially more 
producible in ultrathin thicknesses, lower density and lower cost, it 
was not proposed as the baseline material for the HCRM primarily because 


much less technical data was available than for Kapton and it had not 
been produced commercially in large quantities. 


The criteria for selection and evaluation of Sail film coat- 
ings were established. They included high reflectance and specularity 
on the front (sun facing) surface, durability, capability to survive 
long-term space exposure, light weight, lew cost, high thermal emittance 
(on the back surface), capability to provide radiation protection to 

the organic film, and sufficiently low resistivity to dissipate space 
charges. 


Coatings were evaluated by examination of the technical lit- 
erature, theoretical analysis and detailed test measurements. To assist 
in this area, a thermal radiative property measurements program was 
performed at TRW Defense and Space Systems Group. Aluminum (1000A) was 
selected as the baseline reflective coating over silver because of its 
better performance in the UV region, better tarnish resistance and 
lighter density. On the basis of data gathered from incoming receiving 
tests by TRW on commercially procured aluminized polymer films over a 
period of several years, a criterion for a minimum solar reflectance 
of 0.88 was established. Aluminum also satisfies the other criteria 
mentioned above. Several thermal coatings effectively increased the 
emittance (>0.6) of the backside of the Sail rilm and thus lowered the 
maximum operating temperature of the Sail during the near-sun encounter 
to an acceptable value (for polymer films) of 250°C. Initial estimates 
of Sail operating temperature were 370"C. chromium (125A) was selected 
as the baseline backside coating. Indium-tin-oxide (ITO) and carbon, 
evenly dispersed through the polymer material, are alternatives. Carbon 


2-2 


720-9 


coatings were found to be relatively unsatisfactory in most respects. 

1T0 (1S00A) is considered to be a viable candidate, especially if the 
emitting side coating were required to be of a greater thickness to 
afford better radiation protection (the emittance enhancing characteris- 
tics of the chrome is considerably reduced at thicknesses greater than 
125A) . 


Losses arising from sublimation and sputtering by solar 
protons of either aluminum or chromium were estimated to be small and 
are not considered to be a problem. Although some limited data were 
obtained, the capability or lack of capability of the emitting side 
coatings to adequately protect the polymer film from damaging charged 
particle radiation was not well established. The protection afforded 
by the aluminum reflector coating (1100A) however, appeared quite ade- 
quate. The most serious existing reservations about the reflective and 
emissive coatings are potential degradation of specular reflectivity 
and emisrivity during handling, storage and exposure to the space 
environment. 


Several coating processing methods were examined, e.g. phy- 
sical vapor deposition, ion beam sputtering and ion plating. While all 
these methods appeared feasible, increased and/or improved production 
facilities would be required, especially for large volumes of chromium. 
The physical vapor deposition method was selected as the baseline 
process primarily because it was the most commercially developed tech- 
nique for applying the quantities of film coatings required for the 
Sail production schedule for HCRM. 

Various joining methods were evaluated and tested for bond- 
ing Sail film segments. Although considerable advancement in technology 
would be necessary, a method was developed that demonstrated the feasi- 
bility of a continuous, high-speed "heat seal" type adhesive joint. 
Calculations established that over 400 miles of seams would be required 
just to join Sail segments (for either the Heliogyro blades or the 
square Sail configuration). 
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A thin bond line of <^3.8 pm (0.15 mil) was developed for the 
modified butt type, adhesive joint. Commercially available bonding equip 
ment was located that could be modified to perform the bonding process 
and a 4' x 5' demonstration panel was fabricated. The adhesive selected, 
duPont NR150B2G, was found to adequately meet the strength requirements 
for the joint. Provisions were made in the joint design to tightly 
control the amount of exposed adhesive on the sun-facing side of the 
Sail to minimize thermal problems. 


Necessary further technology advancements that would be 
required for Sail fabrications include the capability for handling large 
quantities of the fragile, ultrathin films during Sail fabrication while 
retaining the critical optical and thermal properties. 

Simulated space radiation testing was conducted on Sail film 
materials at the Boeing Co., Brookhaven Labs, NASA-MSFC, NASA-ARC and 

The bare Kapton was sufficiently thermally stable at temperatures 
up to 300°C. However, it was found to be readily degraded by UV at 
temperatures of 260°C and higher. Exposure of bare Kapton and B100 film 
in vacuo, at 11 suns solar UV intensity and 1.3 KeV protons resulted in 
film blackening and carbonizing. Despite attempts to control the test 
temperatures, it was apparent that thermal runaway had occurred based 
upon the extent of thermal degradation that was observed. This was 
mainly attributed to deficiencies in the test design. While these tests 
on uncoated samples were plagued by thermal runaway, resulting in the 
predominance of very high temperature effects, the results did not indi- 
cate that particulate radiation (and UV) would result in significant 
degradation of coated Kapton. 

Test results on Kapton stability were also taken from the 
literature and from experimental results obtained as part of the mater- 
ials evaluation program. These were analyzed to also help to predict 
the thermal stability of Kapton during a HCRM. These analyses indicated 
that Kapton would have adequate thermal stability, especially if the 
film were thermally annealed prior to Sail fabrication to prevent poten- 
tial hydrolytic degradation. 
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Additional investigation of the kinetics of degradation and 
mechanical properties indicated a close correlation between chemical 
degradation and deterioration of mechanical properties, and showed that 
mechanical integrity would be adequate for the mission by a large margin 
of safety. For Kapton, creep at 50 psi and 250°C was estimated to be 
3.3 x 10-3 in/in and thermal expansion (from -100 to 250°C) was estima- 
ted to be 1.02 x 10-2 i n /i n . Thermal shrinkage (nitrogen atmosphere, 
264°C, 3 days) was -3.3 x 10" 3 i n /in. 

Analysis of limited thermal aging data for the baseline 
adhesive joint indicated that while the shear strength of the joints was 
more than adequate at elevated temperatures, that there appeared to be 
lowering trends at sub zero temperatures (although joints were still 
stronger than the parent material). Test data examined were for rela- 
tively short aging times (18 days) however, and further experimental 
work would be required before valid conclusions could be reached. 

Other materials evaluations were concerned with materials to 
be used as supporting structures for the sail film. Graphite-polyimide 
composites were selected for all the major structural components of the 
Heliogyro. These include the tubular truss center body, blade retention 
structures, battens and tendons. The tendons would require high tensile 
strength fiber, e.g. HTS , Celion 6000, Thornel 300 or Modmore II. The 
other components require high modulus fiber, such as HMS or GY '70. 

Because of its superior high temperature properties NR-150-B2G was 
selected as the preferred polyimide, although some problems were anti- 
cipated with regard to reproducible curing. The only critical environ- 
mental condition was believed to be the temperature profile to be 
expected during the mission. Analyses indicated that the highest tran- 
sient temperatures ( , V)20 O C) would be encountered in the hub structures. 
Therefore the use of NR-150-B2G would be mandatory. The battens would 
be covered with heat shields, so the maximum estimated temperature 
would be about 260°C, which would allow the use of other polyimides. 

The maximum temperatures for the tendons of 224°C (normally), with 

excursions to 245 C for a total of 96 hours allow a substantial safety 
margin. 
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The feasibility of producing 1 mil tape for the edge tendons 
was established. The tensile strength would allow a safety factor of 
2.5 at the start of the HCRM, falling to a minimum of 1.2 after progres- 
sive micrometeoroid damage based on a prevailing conservative meteoroid 

model. It was also determined that production of the tubular structures 
would be feasible. 



Chapter 3 

SAIL FILM MATERIALS REQUIREMENTS FOR HCRM 


With the discovery of a rendezvous trajectory for a HCRM,^ 
JPL began an intensive study of the potential readiness of Solar Sailing. 
The assessments of this study were positive and an advanced technology 
development program was initiated in November, 1976. The development 
sffort included the following considerations; 



(a) 

Sail materials 


(b) 

Sail size, established by mission performance (e.g. 
characteristic acceleration, readiness date, etc.) 


(c) 

Weight and storage constraints imposed by Shuttle bay 
capabilities and spacecraft component weights 


(d) 

Materials (Sail film and other material weights) 

* 

(e) 

Operating temperature limits - reflectivity of the 
sun-facing surface, space environment survivability 
and manufacturability 

Figure 4-7 gives the equilibrium temperature vs heliocentric 
distance of vehicle materials for various values of emittance. It is 
readily seen that the temperature limits of many polymers would be 
exceeded as the heliocentric distance shortens for certain estimated 
parametric values of emittance 'e.g. the emittance of some films were 
estimated at 0.2 to 0.3). The initial best estimate in November 1976 


for the emittance of a polyimide Sail film was ^.3 which corresponded to 
an equilibrium temperature of 370°C (beyond the design limits of the 
material) at a heliocentric distance of 0.3. Through improvements in 
thermal control technology, it was later possibile to decrease both the 
heliocentric distance and the Sail equilibrium temperature by the time 
of the July 1977 technology review. 

The combination of the desired spacecraft performance para- 
meters and mission environmental requirements dictated an initial set 
of functional design requirements for the Sail film material. 
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Although two configurations for Sail design were initially being con- 
sidered for the program, the Square Sail was dropped as a candidate 
for the Halley mission in May 1977 as a result of a preliminary design 

analysis at JPL, and the Heliogyro Sail was selected as the baseline 
design concept. 


With respect to the Sail film materials however, the type 
of Sail configuration played a lesser role in determining functional 
design requirements than with the maintenance of properties during pre- 
launch, launch and deployment. The latter appeared easier to achieve 
with the Heliogyro. The primary environmental criterion was the high 
thermal radiation during the near-sun cranking orbit; other environ- 
ments of significance were UV and high-energy radiation as well as 
chance micrometeroid encounters. 

3* 1 FUNCTIONAL DESIGN 

The mission profile for Halley was based on certain Sail 
performance parameters that were, in turn, based on desired Sail film 
material physical, thermal, optical and electrical properties. For 
example, at the time of the technology review in July 1977, the maximum 
allowable area density for the basic film without coatings, ripstop, 
etc., was calculated to be V5.0 g/m 2 to maintain desired spacecraft 
velocity and payload* capabilities. Early program requirements were 
3.6 g/m 2 , which was reduced as other program requirements grew. This 
meant that if a material such as duPont's Kapton H film were used (with 
a density of 1.42 g/cc) it would have to be a little less than one-tenth 
mil (*2 microns) thick to meet the 3.0 g/m 2 requirement. The minimum 
thickness Kapton film commercially produced was over three times this 
thickness (7.5 microns). 

The thermal requirements for the film were also severe. As 
earlier indicated, calculations predicted that the temperature of 
aluminized polymer films would reach approximately 370°C during the 
0.3 AU solar distance cranking orbit (assuming « s for the aluminized 
side as 0.16 and an emittance of 0.3 for the back side of the film). At 
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these temperatures Kapton polyimide appeared to be the only possible 
polymer candidate and even it looked very questionable when considering 
the four year duration of the mission with extended times at 0.3 AU. 

The early optical and electrical property requirements for 
the Sail film did not appear as difficult to meet. A total reflectance 
value of 0.85 for the metallized film surface appeared to be achievable 
as did an electrical resistivity of 10 6 fl/square. 

Sail film mechanical properties were dependent upon the Sail 
configuration. For the Square Sail (which was considered the most 
stringent of the Sail design concepts with respect to the loads on the 
film), these were as follows: 



(a) 

Tensile Yield Stress =0.2 psi minimum 


(b) 

Elastic Modulus = 43,000 psi minimum 


(c) 

Bend Radius = 0.002 in* maximum 


(d) 

Rip Stop =0.5 lb** 

3.2 

MAINTENANCE OF PROPERTIES 

3.2.1 

Pre- 

launch 


During the Sail film development effort, there was little 
analytical time devoted to determining the pre-launch mechanical 
requirements which included fabrication and handling stresses. 

The reason being that these would be dependent upon final 
decisions on processing methods employed, stowage configuration, and 
spacecraft design. Since the Heliogyro Sail configuration was selected 
in late May 1977 to be the design, these parameters had not been suffi- 
ciently defined at the time that work was curtailed on the program 


*Bend radius without creasing 
**Minimum force without rip propagating through rip stop. 
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to allow much effort in determining pre-launch conditions. A quick 
assessment revealed that there did not appear to be any significant show 
stopper type problems with the individual Sail blades of the Heliogyro. 

^•2*2 Launch and Deployment 

The same was the case for launch and deployment loads. Pre- 
liminary analyses indicated that the magnitude of these loads was within 

the limits of the mechanical property requirements that were established 
earlier for the Square Sail. 

3*2.3 Mission Environment 

Activity directed toward the mission environment was analy- 
tical in nature and was based on the projected mission profile. Con- 
siderations were given to the following: 

^ Charged Particles - A primary concern at the beginning 
of the mission was the possible degradation of the 
thin, basic film structure or its reflective coating 
due to impact of energetic charged particles. Ini- 
tially, of course, the trajectory and the radiation 
environment were unknown and an effort was undertaken 
to define important components. The major sources of 
the charged particles were assumed to be: 

(1) Earth's Radiation Belts 

(2) Solar Wind 

(3) Solar Flares 

(4) Cosmic Rays 

For the Solar Sail to be feasible, it was mandatory 
that the radiation exposure of the film be kept below 
damage levels for polymers. These damage levels were 
only approximately known from previous reactor tech- 
nology. If the polymer film were to be exposed to 
higher radiation dose levels than initially predicted, 
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thicker metallized protective coatings would be 
required to reduce the level of radiation exposure 
to the polymer. 

The approach used in this portion of the mission environ- 
ment study consisted of the following: 

(1) determination of the total fluences and peak 
flux of charged particles as a function of 
energy over the 4 year mission. 

(2) computer simulation of the corresponding 
nuclear particle dose profile through the 
basic film. 

(3) determination of the Sail requirements based 
upon trade-off results of the above theoreti- 
cal data. 

Simultaneously, a combined environment test program 
to irradiate potential film candidates was undertaken 
to confirm the reality of the degradation over a 
range of interest. 

(b) Solar Intensity - In addition to the protons, elec- 
trons and meteroids found in space, the Solar Sail 
materials will be exposed to electromagnetic radia- 
tions from the solar surface. It was found desirable 
to have the Solar Sail go into the sun as close as 
possible for the following reasons: (1) maximum thrust 

for the Sail is achieved (2) the orbital periods are 
less and (3) energy changes can be acquired at a faster 
rate. Early mission trajectories took the spacecraft 
into a heliocentric distance of 0.3 Al), which, as ear- 
lier discussed, appeared to be the temperature limit 
for the materials. This was later reduced to 0.21 Al' . 

The Sail, in order to achieve rendezvous with Halley, 
must completely turn ("crank") its orbital plane so 
that the spacecraft flies retrograde, as does the 
comet. Thus, the term, "cranking" orbit was coined to 
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describe the operation where the Sail cranks over the 
solar pole for an approximate 400 day time period to 
achieve the proper retrograde position and character- 
istic acceleration. 

The electromagnetic spectrum of the sun consists 
primarily of the following major components (1) Ultra- 
violet, (2) Visible and (3) Infrared radiations, and 
is relatively constant for a fixed solar distance. 

The intensity of all three components vary inversely 
as the square of the solar distance and, in the crank- 
ing orbit (0.25 AU), is 16 times that at 1 AU. Outside 

the Earth 1 s atmosphere, the solar constant is 1.98 
-2 -1 

calories cm min , and, therefore, the intensity at 

-2 -1 

0.25 AU is 31.7 calories-cm -min . Approximately 8% 
of this value is due to the damaging ultraviolet compo- 
nent; thus the Sail film material must be protected. 

The sun side coating must reflect most of the ultra- 
violet component to maintain temperature. The reflec- 
tor must be specular to maximize thrust; the coating 
must also reflect or absorb the UV component of this 
energy to protect the basic polymer film. 

(c) Meteoroids - During the mission the external surfaces 

of the spacecraft will be impacted by meteoroids. 

According to the present state of knowledge, meteoroids 

3 

have an average material density of 0.5 g/cm and will 
impact with a relative mean velocity of 32.6 km/sec. 
Since very little information exists as to any pre- 
ferred direction of the metecroid paths, particularly 
in the vicinity of the sun, a conservative direction- 
ality factor of 1 was adopted. As to the meteoroid 
flux, which is basically inversionally proportional to 
particle size, a number of models are existing, only 
partially supported by measurements in the near-earth 
region. On the basis of rather conservative flux 
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Figure 3-1 identifies the integrated fluence as 
related to particle diameter for the regime of 
interest with regard to potential damage, ranging from 
particle diameters of app. 10* 1 to 10~ 4 cm. Below this 
range, particles are too small to cause significant 
damage, while the encounter probability of particles 
greater than 0.1 cm diam. is extremely low. 

The extent and significance of the damage generated by 
meteoroid impact depends on the configuration, the 
material, and the functional characteristics of indi- 
vidual components. 

The expected damage to the film may be divided into 
three modes: 

(1) Minute surface degradation by craters with a 
diameter of less than A/4. 
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Figure 3-1* Mission-Integrated Meteroid Fluence 
as Related to Particle Diameter 

(2) Penetration of the aluminum coating without 
significant damage to the film. 

(3) Penetration or puncture of the film (and 
coatings) . 

The fraction of the sail area affected by each mode is 
identified in Figure 3-2. Since the area fraction 
affected by all three modes is less than 0.027%, the 
reduction of reflectance and sail efficiency are 
negligible. Penetration and puncture of the film 
may be of concern in the case of a highly stretched 
film material where it may cause tearing between rip- 
stops. The tentatively selected Kapton film is con- 
sidered insensitive to puncture. 



PARTICLE DIAMETER 


< (cm) 
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Figure 3-2. Effects of Meteoroid Impacts on Sail Film 
and Affected Area Fractions 

The majority of structural components is likewise 
insensitive to meteoroid damage, due to appreciable 
thickness and/or extremely low surface area. The 
sole exception are the tendons (blade edge members) 
due to the combination of an appreciable surface area 
high stress and the use of unidirectional composite 
material of low thickness. In this case meteoroid 
damage is the primary design criterion, as discussed 
in detail in Section 4. 5. 4. 7. 
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Chapter 4 
TECHNICAL PROGRAM 

To achieve a Solar Sail design by August 1977 containing all 
the technical advancements required for a HCRM, an intensive materials 
technology development effort was initiated in November 1976. The pre- 
vious section on materials requirements for the Sail discussed the tech- 
nical challenges that were involved. This section of the report will 
deal with: (1) selection of the basic film material and the characteri- 

zation of its properties, (2) coatings and thermal control investiga- 
tions, (3) joining and handling studies, (4) Sail film system perform- 
ance evaluations and assessments and (5) supporting structures for the 
Sail film. Work reported in the latter area is primarily devoted to the 
Heliogyro since the design of the Square Sail had not matured to a level 
where significant inputs were made by the materials team. The majority 
of the support structures technology concepts that were performed for the 
Square Sail, was done by contracted efforts. (Refs. 1 and 2.) These were 
aborted when the decision was made to pursue only the Heliogyro Sail. 

4.1 BASIC SAIL FILM 

4.1.1 Candidate Survey 

In order to meet the mission performance requirements, it was 
mandatory that the weight per unit area of the Sail film be as low as 
possible. Based initially on design considerations for a very large 
area (^775,000 square meters) Square Sail, the area density for the 
film (minus any coatings or reinforcing strips) was established at 
3.6 grains per square meter. This number was subsequently reduced to 
3.0 g/m 2 when technology advancements made it feasible. Both the Square 
Sail and the ultimately selected Heliogyro design shared this require- 
ment. Not only did the basic Sail film have to be lightweight, other 
requirements imposed on it were that it be: 

(a) optically smooth. 

(b) capable of being coated with and compatible with 
specular metallic and other thermal /optical coatings. 


4-1 


720-9 


(c) stable in the space environment (with appropriate 
protective coatings) for long periods of time while 
exposed to high solar intensity and charged particle 
irradiation 

(d) temperature resistant (with appropriate protective 
coatings) to withstand 11-16 times the solar intensity 
on earth (0.3 to 0.25 A.U.) for 1-1/2 to 2 years. 

(e) available in sufficient quantities for manufacture, 
coating and assembly into a very large total area 

(^1.6 million square meters) to meet the Sail produc- 
tion schedule. 


Table 4-1 summarizes the initial target technical require- 
ments that were determined to be necessary for the basic film material 
for the Heliogyro blades. As mentioned, the area density was later 
reduced to 3.0 g/m . Using these requirements as a guide, potential 
material candidates were surveyed and screened. This was a combined 
effort between the various NASA centers engaged in the program plus a 
contracted study by the Battelle-Columbus Laboratories (under the direc- 
tion of JPL). Early in the program (Jan. 1977), an industry conference 
organized by the New York Polytechnic Institute was held in Washington, 
D.C. to develop technical strategy and recommend the most viable candi- 
dates. This conference included representatives from such companies as 
duPont, Cellanese, Union Carbide, Monsanto, Allied Chemical, IBM and 
Sheldahl. The results of the conference were very useful in the selec- 
tion of candidate basic film materials that could be used for a HCRM. 

Initially all types of materials that could be made into 
films were considered but, primarily because of the area density require- 
ment, it soon became apparent that polymers were the best candidates if 
they could meet the thermal and space radiation requirements. Figaro 4-1 
shows the relationship between the film density in grams per cubic 
centimeter and film weight per square meter for various polymers. The 
only metal candidate that appeared to be practical from an overall 
properties standpoint was aluminum and it’s density (at 2.8 grams per 
cubic centimeter) was such that the film (or foil) would have had to be 
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Table 4-1. Target Technical Properties of the Sail Film 


A. 

Physical 


1 . 

Area Density <3.6 g/m 2 


2. 

Thickness Uniformity ±10% 

3. 

Thermal 


Thermal Stability range -130 to 250°C 
Thermal Cycling Capacity 1600 cycles, 210-250°C 

C. 

Radiation 


1 . 

Metallized film must endure a total of 210,000 
Solar UV hrs. 


2. 

Metallized film has to withstand a total of 
2 x lO-W Rads (Si) 

D. 

Mechanical 


i. 

Overall dimensional change between -130 to 250°C 
must be ^1.5% (thermal expansion, residual 
shrinkage, elastoplastic deformation) 


2. 

‘f 0811 ® stren 8 th 28,000 - 35,000 KN/m 2 
(4-5 Kpsi)* 


3. 

Tear initiation resistance 



'vl.O N/u (350 lb/inch). Applicable during entire 
mission. 

*(actually 
blades) . 

encountered only during handling and unrolling of 
During flight the load is -v2 psi. S 


0.04 mils in thickness to meet the target area density. At these 
ultrathin thicknesses, the durability and crease resistance of metals 
are very questionable. Table 4-2 lists density, weight and thickness 
considerations for some metals. 


The major difficulty anticipated with polymers for a Halley 
Mission were their reportedly poor (for this mission) radiation and ele- 
vated temperature resistance. Early predictions on the temperatures to 
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Table 4-2. Metals as K-Mm 



coated films during a 0. 3 AU cranking orbit were of the order of 350°C 
his was beyond the range (for continuous use) of practically all 
po ymer films. Kapton type polyimides appeared to be the only material 
WU any possibility of meeting this constraint. However, data was very 
cited on its long term temperature stability, and also, there were 
furt er unknowns about its space radiation stability for the intended 

po ymeTh 8e " eral Che ” 1Cal " d th “" al lnert " eSS •' “i- 

y however, were superior to most of the other candidates. 

It was not until a breakthrough occurred in obtaining 
promising emittance coatings for the films, thereby allowing lower oper- 
ating temperatures when the Sail was in near sun orbit, that it actually 

rrrr c ° empi ° y p ° iy " ers f ° r the sau 

contributing factor were studies that Indicated feasible methods to join 
Kapton (which was known to be a difficult material to bond). 

The aforementioned coating and joining technology develop- 
ments are discussed in subsequent chapters. 


Concurrent with the development of coatings that permitted 
the operating temperatures of the Sail film to be kept under 250°C at a 
heliocentric di tance of 0.3 AU, a decision was made by Mission Design 
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to decrease this distance to 0.25 AU to further increase Sail performance 
and to provide more margin in mission launch parameters. At 0.25 AU the 
operating temperature of the Sail film (with a suitable emissive coating) 
would be of the order of 250°C, which was still within the operating 
temperature range of several polymers. However, testing was performed 
up to, and above, 300°C to evaluate feasibility of missions closer to 
the sun in the event weight, reflectance or other goals could not be 
achieved for the Sail; and to demonstrate margin. 

Assessment of Basic Film Candidates 

Conceptually the Sail film could have been constructed of 
either a single monolithic component or a composite material, e.g. a 
film reinforced with an integral scrim or webbing. Thus, initially, the 
following matrix was designed to verify the various possibilities (see 
Table 4-3). 


The results of such an approach were that both monolithic 
and composite film material appeared technically feasible. However, on 
the basis of current technology and availability, the monolithic concept 
appeared more practical and expedient. The various organic films and 
fiber formers, inorganic fibers and composites that were considered are 
tabulated in Tables 4-4, 4-5, 4-6, 4--7 , and 4—8. The biggest technical 
challenge for a fiber reinforced scrim or web appeared to be the achieve- 
ment of a good bond between the scrim and the matrix film. Material 
incompatibilities existed between available fibers and candidate films, 
e.g. thermal expansion differences and non-wetting characteristics. 

Therefore, attention was directed towards finding suitable 
monolithic film candidates which could be screened with respect Lu their 
ability to satisfy the requirements of the Sail. These requirements 
included material properties as well as availability and manufactura- 
bility. Methods for reinforcement of monolithic films were investigated 
separately and are covered under joining and handling. The majority of 
the commercial films that were identified were considerably thicker than 
the initial nominal thickness requirement of 2.5 micron (0.1 mil) 
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Table 4-3. Material Selection Approach 


Single Component (Monolithic) 

Composite 

Organic 

Inor- 

ganic 


Org. 

Film 

Org. 

Fiber 

Inorg . 
Film 

Inorg. 

Film 

Film Former + 

+ 

Org. 

Film 

+ 

+ 

+ 

+ 



Org. 

Fiber 


- 

+ 

- 

Filament 


Inorg. 

Film 



+ 

+ 



Inorg. 

Fiber 






+ Indicates feasibility 


projected for the Sail. Only a few polymer types, e.g. the 
polysulfones and the polyxylenes, were routinely produced in the ultra- 
thin thickness range and these did not appear to demonstrate sufficient 
elevated temperature stability for the Sail application. The various 
initially considered as potential candidates are listed in 
Table 4-4. The tabulation includes materials available commercially in 
film form as well as those that are potentially producible in this form. 

4*1*3 Selection of Primary Candidate Film Materials 

Because of the critical schedule for the sail program (which 
called for a HCRM launch in late 1981) , the decision was made to concen- 
trate on materials which most nearly conformed to or exceeded the tem- 
perature and radiation requirements and could also be most readily 
developed into the proper thickness range. One particular group of 
polymers met these requirements the best. These were the thermosetting 
and thermoplastic polymides typified by duPont’s Kapton H, Upjohn' s 2080 
and Ciba Geigy's B100 and P100 respectively. 

Discussions with duPont to interest them in directly produc- 
ing their Kapton H film to the desired 0.1 mil thickness were initially 
nonproductive. However, as the project gained more momentum, duPont 
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Table 4-4. Summary of Properties of Some Organic Films (Continuation 1) 



Temperature 


1 

i 
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Table 4-5. Organic Film Formers (Continuation 1) 
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No woven or non-woven fabric is available which is less than 25 u thick or weigh less than 88/m e 
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Table 4-8. Composites 


Remarks 

1. KAPTON- type with KAPTON type, 
tape ripstopu 

Matching technology 

KAPTON-type with BBB type 
tape ripstops 

Expansion Coefficient 
Mismatch 

2. Parylene on PBI Paper 

KAPTON type on Nomex Scrim 

Tear resistance 

Adhesion 

Degradation 

3. KAPTON with deposited metal 
ripstops 

Fabrication 

Environmental Resistance 
Expansion Coefficient 

4. Polymer with 

a. inorganic mesh 

b. include microfibers 

Tear resistance 
Handling/static 
Expansion coefficient 
Mech. properties 

5. Metal film with deposited 
metal ripstops 

6* Aluminum film on chromel scrim 
Aluminum film on glass scrim 

Under investigation 
Mech. properties 
Electrostatic 
Environmental resistance 


agreed to a contract (under the direction of NASA-LARC) to pursue the 
feasibility of sucn an endeavor. Their initial attempt at producing the 
2.5 micron (0.10 mil) film resulted in material approximately 3.3 micron 
(0.15 mil) thick. However, they gained enough confidence from their 
experience in this first run to predict that they could directly produce 
film of the desired thickness in quantities to meet the Sail schedule. 

Based on the foregoing, directly produced Kapton became the 
prime candidate film material. As a backup, if for any reason duPont 
should not have been able to produce the film, there were three options. 
Two of these included t?fo processing methods for reducing the thickness 
of commercially available 7.5 micron (0.3 mil) Kapton: 1) chemical 

etching and 2) plasma etching. The third option was an alternate mater- 
ial - Ciba-Geigy B 100 thermoplastic polyimide. The advantages and dis- 
advantages of the final four major candidates, according to ranking are 
shown in Table 4-9. 
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Table 4 9. Major Basic Film Candidates as of July 1977 
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The chemical structure of 


the two final candidates are as follows: 


MATEHiai 

kapton 

BI00 

BT DA/D API 



4 . 1.4 


CanJidatfFUms 1116 ™ 31 Pr ° Perty Chara ^eri 2 ation of 


which "l ‘ “ the S "“ nin8 <** «- Potential fUm Mterlals 

ini, • tT " Can<iidateS “ tU ° <Kapt< ’" and B10< ». « eff rt wan 

helT “ T C °" PlCtely Characteri “ pertinent muchaulca! and 

literat ’T" ' ^ h 8 **" * th °™<* “"■> •* «*• available 

ure o owed by a testing program designed to provide required 
missing information. 


(a) Literature Search 

The literature search encompassed making contact with 
the manufacturers of the materials to solicit available 
data and also surveying the opnn literature for work 
by other investigators. Table 4-10 summarizes the 

salient information that was obtained from the litera- 
ture search. 

Initially, three polyimide materials were under con- 
sideration. Besides Kapton and B100, Upjohn' s 2080 
thermoplastic resin was also a candidate. However this 
material did not withstand simulated space radiation 
as well as the others (see chapter on Sail Film System 
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Table 4-10. Basic Properties of Kapton and B100 Polyimides 


Property 

Kapton 

B100 

1. Physical 



• Density 

1.42g/cc 

1.16g/cc 

• Thermal Expansion Coefficient 
(Machine Direction) 

2 x 10- 5 / 6 C 
between -200 to 
300°C 

5.25 x 10- 5 /°C 
between -200 to 
300°C 

2. Thermal 



• Glass Transition, Tg 

400°C 

318°C 

• Service Temperature Range 
(insitu) 

-270 to 400°C 

-270 to 300 °C 

3. Radiation 



Gamma Radiation 

No problem up 
to 3 x 10® Rads 
(Si) 

Not known 

UV 

Not known 

Not known 

4. Mechanical 



Tensile Strength, 
newtons /cm^ (psi) 

17,500 0 25°C 
(25,000) 

7770 0 25°C 
(11,100) 


11,900 0 200°C 
(17,000) 

2730 0 260°C 
(3900) 

Modulus , 2 

newtons/cm (psi) 

301,000 @ 25°C 
(430,000) 

252,000 0 25°C 
(360,000) 


18?,j00 @ 200°C 
(260,000) 

315,000 0 260°C 
(450,000) 

Elongation at Break, % 

70 @ 25°C 

10.2 0 25°C 


90 0 200°C 

54.9 0 260°C 

Tear Initiation Strength, 
newtons /micron 

0.2 0 25°C 


5. Water Absorption, % 

2.9 

2.9 
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Performance) and also was found to require the use of 
undesirable solvents (OSHA standards) in its manufac- 
ture so it was not given further consideration. 

(b) Test Program 

The purpose of the test program for the basic film 
material was primarily to obtain missing mechanical 
property data. This data was needed to provide design 
information for the Sail. The properties measured as 
a function of temperature are tabulated in Table 4-11. 
The measurement method employed is also shown. Some 
physical properties as a function of temperature, e.g. 
thermal coefficient, were also measured. 

The results of the measurements are included in 
Table 4-12. The material used for these measurements 
were the direct manufactured 3.7 micron (0.15 mil) 

Kt.'ton from duPont and the Ciba-Geigy 3.0 micron 
(0.12 mil) B100 polyimide. The B100 film was solvent 
cast by the Peter Schweitzer Division of Kimberly Clark.. 

The strength data reported in the table are noted 
decreases or increases in that particular property over 
the temperature range through which the spectrum was 
tested . 

4.1.5 Manufacturing Requirements for Basic Film 

Along with the various physical and mechanical property 
requirements for the basic film, there were also requirements fo^ its 
fabrication. The 2.5 micron thickness limit for the material was ini- 
tially beyond the state-of-the-art for the most desired candidate, Kap- 
ton H film from duPont. Thus it was very apparent that a great deal of 
technology development was necessary to obtain candidate films of the 
required thickness once that viable candidates had been Identified 
based on their physical, mechanical and space radiation properties. A 
second criteria was the availability of the resin and its subsequent 
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Table 4-11. Mechanical and Thermal Property Measurements vs 
Temperature for Kapton and B100 Film 


Property Measured at Various 

Temperatures Measurement Method 



Static 

Instron 

Tester 

1. 

Tensile Modulus 




Dynamic 

Rheovibron 

2. 

Yield Strength 

Instron 

Tester 

3. 

Ultimate Tensile Strength 

Instron 

Tester 

4. 

Ultimate Elongation 

Instron 

Tester 

5. 

fongation at Yield 

Instron 

Tester 

6. 

Stress-Strain Curve vs T 

Instron 

Tester 

7. 

Tear Initiation Strength 

Instron 

Tester 

8. 

Tear Propagation Strength 

Instron 

Tester 

9. 

Creep 

Creep Analyzer 

10. 

Thermal Expansion Coeff 

Rheovibron 

11. 

Thermal Transitions 

Rheovibron 

12. 

Shrinkage 

Dimension Measurement 


fabricability in sufficient quantities to meet the rigid demands of 
the Solar Sail program schedule whicn called for a launch in late 1981 
(over 1.6 million square meters of coated film was needed for the total 
program). Because polyimides were identified as having the best poten- 
tial for the Solar Sail film material, a concentrated program was 
devoted to assess the producibility of film from these materials. There 
were two prime candidates, duPont's Kapton H and Ciba Geigy's B 100. 

For the Kapton (because of high manufacturing costs for the ultrathin 
gauge film and to guard against the possibility that duPont might have 
trouble making it) alternate methods for achieving the ultrathin mater- 
ial were investigated. These included plasma and chemical etching of 
readily available (and less costly) thicker film. 
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Table 4-12. Mechanical Properties vs Temperature (Bare Films) 




B100 

Property and Temperature 

Direct Produced 

(Made by 

Range 

Kapton 

Schweitzer) 

1. Dynamic Tensile Modulus 

73% decrease 

74% decrease 

from -200 to 300°C 



2. Thermal Transitions 

-90°C and +120°C 

-90° C and +160 °C 

(-200 to 300°C 



3. Expansion Coefficient 

2.5 x 10-5/°c M. D. 1 

5.2 x 10"5/ o c M.D. 1 

from -200 to 300°C 




3-5.6 x 10-5/°c T.D. 

5.8 x 10 _5 / o C T.D. 2 

4. Ultimate Tensile 

50% decrease 

71% decrease 

Strength from -60 to 



280°C 



5. Static Tensile Modulus 

20% decrease 

51% decrease 

from -60°C to 280 8 C 



6. Tear Initiation 

60% decrease 

40% improvement 

Strength from -60 to 



280°C 



7. Shrinkage 



8. Creep (Al/Cr* 

Instrument inaccuracy 


metallized) 

prevents firm conclu- 


240 to 300°C 

sion but thus far no 



noticeable creep has 



been seen 


Hl.l). - Machine direction 



2 

T.D. - Transverse direction 



^Aluminum on one surface, ^L000A; Chromium on opposite surface, ^L25A. 

4. 1.5.1 Direct Manufactured 

Film. The first choice for a material and 


manufacturing method was the direct solvent casting technique used to 
pr<' J uce the Kapton H film. duPont has shown its capability in producing 
3.3 micron film and a high probability of making 2.0 micron film. An 
estimated schedule for meeting the HCRM schedule with the duPont 2.0 
micron, basic film is shown in Figure 4-2. 
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Figure 4-2. Solar Sail Materials Film Production for HCRM 

The alternate material choice for the Sail film was Ciba- 
Geigy’s B-100 polyimide. This resin can be made into ultrathin films by 
both solvent casting and water casting techniques. Figure 4-3 depicts 
the solvent cast technique. The feasibility of making 2.5 micron film 
from the B-100 resin was demonstrated by P. J. Schweitzer Co. using a 
combination of solvent casting and stretching. A similar schedule (to 
the one done with DuPont) for delivering the B-100 film was developed 
with Schweitzer. 

The water casting technique was tentatively explored by the 
Midwest Research Institute, Minnetonka, Minnesota. Basically the tech- 
nique consists of dissolving a polymer in a water soluble solvent and 
casting the solution on a water surface. An ultrathin membrane forms 
spontaneously as the solvent dissolves in the water. The difficult part 
of the process appears to be in successfully retrieving the polymeric 
film from the water surface without damage while maintaining the ability 


4-21 



720-9 


POLYMER 



to subsequently apply reflective and emissive coatings. MRI was awarded 
a small development contract to establish the feasibility of this film 
making process. A schematic diagram of a pick up system is shown in 
Figure 4-4. Successful, continuous runs ('VLOOm) of the Ciba-Geigy B 100 
and P 100 films were made with thicknesses of 1.0 to 2.0 micron. The 
film is retrieved on paper, from which it must be removed to metallize 
one side (one side could be metallized while on the paper). 

4 *1-5. 2 Reduction in Thickness of Heavier Gauge Films . Backup 
methods for obtaining 2 micron Kapton film included reducing the thick- 
ness of heavy gauge material by plasma and chemical etching. The feasi- 
bility of the plasma etching method for reducing the 7.5 micron thick, 
commercially available Kapton film to 2.5 microns was established by the 
Surface Activation Corporation in work sponsored by NASA-ARC, (Ref. 3). 

Chemical etching techniques employing alkaline solutions 
were investigated by JPL and demonstrated on a batch basis to be viable. 
This method was employed to obtain a majority of the 2 micron thickness 
Kapton samples for evaluation studies. Figure 4-5 is a plot of the 
etching rate versus potassium hydroxide bath temperature for two differ- 
ent solution concentrations. 
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TO RETRIEVAL 
SYSTEM 


process: 

(1) readily available supply of heavier gauge Kapton film 

(2) potential savings by utilizing lower cost, heavier 
gauge film 

(3) can serve as intermediate step for preparing surface 
for metallization. 


The limitations of the process that need to be worked 

include: 

(a) initial control of the film thickness is presently 
limited to ±10%. 

(b) residual side effects to the basic polymer requiring 
additional treatments to the film 

(c) methods for handling processed film to account for 
mechanical expansion 

(d) probable high facility costs. 
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4*2 COATINGS AND THERMAL CONTROL 

4*2.1 Background and Technii al Requirements 

The sun facing surface of the solar sail must be specular 
and highly reflective to maximize the photon momentum impulse (force) 
and mu^t also be resistant to degradation by the solar and space 
environment for periods up to four years. The high levels of irradiation 
are especially of concern because of the nearness of the approach of 

the spacecraft (0.25 AU) during its projected two year cranking orbit 
around the sun (Figure 4-6). 

To maintain acceptable equilibrium temperatures for the 
deployed Sail in a near-sun cranking orbit, it is mandatory that the 

a l /e i+2 ratio for the Sail be l ow ; e.g., 0.1 to 0.2. This factor is 
defined as the ratio of the solar absorbtance, o^, of the sun facing 
side of the Sail divided by the sum of the emittances of the sun 
facing side (e^) and the back-side (e 2 ). 

This is derived from the relationship: 

T 4 - a S . G 
S + e 2 a 

where: 


T = absolute temperature 
« s L front surface absorbtance 
■ front surface emittance 
e 2 = back surface emittance 
o » Stefan - Boltzmann Constant 
G = solar intensity factor 

With the parameters G, a, and « being defined for a given condition 
either or > 2 , or both, must be increased in order to decrease T. 
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The need for a low ratio for the Solar Sail is 

illustrated in Figure 4-7 which is a plot of temperature versus 
heliocentric, distance with the ratio as a parameter. The 

equilibrium temperature for aluminized 2.5 micron Kapton with an a /c 
ratio of 0.42 is (from Figure 4-7) approximately 370°C at 0.25 AU, but 
at this temperature Kapton becomes brittle and loses its mechanical 
strength. Thus, it is apparent that the emittance of the back side of 
the Sail film, or possibly that of the front side, must be increased. 

The thermal aspects are not the only concern. The extreme 
thinness of the polymeric Sail material make it particularly susceptible 
to the degrading effects of charged particle and UV radiation. Therefore, 
the solar-side coating or coatings have to be of sufficient density to 
impede charged particles from the solar wind, absorb UV radiation, and 
be mechanically stable. 
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DISTANCE FROM SUN - AU 

Figure 4-7. Sail Film Temperature vs AU 

Another requirement is that the coating system be sufficiently 
low in electrical resistivity to dissipate the electrostatic charges 
built up in the sail film during the fabrication- through-development 
phases as well as in space. The basic film being a dielectric, has 
high electrical resistivity. The various requirements for the coating 
are summarized in Table 4-13. 

4*2.2 Survey and Selection of Candidates 

Using the foregoing coating requirements as a guide, various 
candidate coatings were examined. These coatings were divided into 

two types: sun-side high solar reflectance coatings and back-side high 

emittance coatings. 
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? able 4-13. Summary of Solar Sail Film Coating Requirements 

A. Physical 

• Weight ^0.45 g/m 2 (includes all coatings) 

• Electrically conductive 

• Tn!Tm 7 e p ^° te ® tioa to Sail polymer film from charged particle 
and UV radiation levels predicted. 

B. Chemical and Mechanical 

• Tarnish- and corrosion-resistant during handling, storage, 

and pre-launch s * 

• o?n° mechanic al integrity over temperature range of -130 to 
210 250°C dUring tem P erature cycling of 1600 cycles at 

D. Optical - Thermal 

• High spectral reflectance (0.88) for sun-side over life of 
mission to reduce thermal absorption 

• High specular reflectance component (0.9) to maximize solar 
thrust 

• High hemispherical emittance (e = 0.6) for the back side to 
achieve the requisite low value of a h 

1 ' 1+2 


High S olar Reflectance CoatinRs . A survey of the literature 
revealed that aluminum and silver were the best reflective coating 
candidates for the Sail application. As seen in Figure 4-8, silver has 
a higher overall spectral reflectance than aluminum, but it has an 
abrupt transparent window in the UV region. This window would allow 
UV radiation to penetrate and possibly degrade the underlying polymer 
film. Other disadvantages of silver are its relatively high density 
(3 times that of aluminum), high cost and its susceptibility to 
tarnishing in the prelaunch environment. Combinations of silver and 
aluminum appeared attractive; however, the need for a protective over- 
coating for the silver was still present, and the cost was high. 


In the area of what would be available on a commercial basis 
in reflective coatings, TRW made a survey of aluminized films that they 
had procured over a recent three year pi, iod (primarily for thermal 


4-29 


720-9 



Figure 4-8. Spectral Reflectance of A1 and Ag 

control applications) where quality control records had been kept of 
solar reflectance values. The data (shown in the histogram in 
Figure 4-9) indicated that commercially applied, vapor deposited 
aluminum coatings yielded large percentages of solar reflectance values 
in the range of 0.88 to 0.91. Based on these data, a criterion was 
established for a minimum spectral reflectance of 0.88 for aluminized 
coatings. 


Preliminary calculations of the necessary thickness required 
for the reflective coating to provide UV and charged particle protection 
revealed a minimum of lOOoA for aluminum. Later computer simulations 
of the absorbed radiation dose over the HCRM showed that HOOA would 
be necessary. This is discussed in the section on sail system perform- 
ance. Figure 4-10, which plots film thickness as a function of optical 
transmittance for aluminum and silver, illustrates that silver must be 
applied thicker to achieve equal opacity. 
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Figure 4-9. Solar Reflectance of Commercially Aluminized Kapton Film 


During the course of the investigation, several candidates 
for protective overcoats for the reflector were identified. These 
included: 


• MgF 2 

• SiO 


• ai 2 o 3 

• In/Sn 0 


Such coatings need the following characteristics: 

• Non-absorber of solar energy 

• Non-degrading 
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Figure 4-10. Transmittance-Coating Thickness Relation of Ag and Ail 


• Non-generator of damaging secondary radiation 

• Compatible with reflector coating 

• Mechanical and chemical integrity 

Most of the work performed was in ion plated coatings. 

However, at the time that effort was discontinued on the program, it had 
not been clearly determined if overcoats would be required. 

4 4 2,2,2 Hi&h Emittance Coatings. A number of approaches were con- 
sidered to increase the Sail emittance. The major materials combina- 
tions are shown in Figure 4-11. The coating thicknesses shown are 
illustrative and varied with coating material. The duPont polyimide film, 
Kapton, is shown as the polymer film material since it was the baseline 
concept and was used for the great majority of samples and tests that 
were performed in this part of the program. Tests were conducted on 
2.5 micron or thicker polymer film. Later in the program, mission 
design requirements dictated change to the thinner 2.0 micron Kapton 
film which, at that time, appeared feasible for duPont to manufacture. 
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Concept (a) is the simplest (aluminized Kapton) . As mentioned 
previously, the emittance sum, ^°° ^ ow P reven ^ high film 

temperatures and thus limits the vehicle solar approach. 

Concept (b) was to introduce a layer between the Kapton and 
aluminum with an electrical resistivity higher than that of aluminum, 
since from the Hagen-Rubens approximation e a, /pj, where p g is the elec- 
trical resistivity. Several high-resistivity metals were considered for 
this application with chromium and nichrome alloys being preferred for 
their stability and availability. 

Concept (c) was to introduce absorbing-emitting material in 
the form of a thin metal layer located one quarter of an emitted wave- 
length from the opaque metal reflective coating. This concept capitalized 
on the fact that the Kapton base film was a partially transparent dielec- 
tric with the requisite thickness. The infrared interference system so 
constructed enhances the emission. The absorbing material must be present 
in sufficient quantity to absorb or emit, but not so thick as to become 
a reflector and hence a poor emitter. 

Concept (d) was the same basic idea, but with a thicker 
semiconductor for the absorber, because the thickness would not be so 
critical . 


Concept (e) was carbon in place of an oxide semiconductor. 

Concept (f) is related to Concepts (c), (d), and (e), but 
the absorbing material, carbon, is distributed throughout the Kapton 
film to avoid spectral tuning of the infrared interference effect. The 
carbon also acts as a scattering medium to promote absorption by the 
Kapton. 


Concept (g) was simply a combination of Concepts (b) and 
(c), and was felt to offer the optimum in benefit. 
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An overcoat on the reflecting side, Concept (h), is widely 
used to increase emittance of evaporated films and solar cells. How- 
ever, it requires a relatively thick coating and is subjected to the 
severe solar environmental conditions. 


Concept (f) is based on the addition of fillers (e.g., 
carbon black) to the base polymer. Such fillers to the basic film would 
also serve to increase its UV resistance. As with the reflective 
coating.^the resistivity of the backside coating must be reasonably low 
<R - lo ohms/square) in order to dissipate static charges. This 
requirement made it difficult to consider fillers as the only means of 

increasing emittance. Therefore, the major effort was concentrated on 
coatings. 


4.2.3 


MEASUREMENTS 


The need for concepts to increase the emittance of ultra-thin 
Kapton film was initially deduced from extrapolated data, since there 
was no thin material available for measurement. Coatings development 
and testing was actually initiated using 7.5 micron Kapton before pro- 
cessing techniques were developed to produce thinner gage material. 

As the program developed and more representative samples were prepared, 
more detailed thermophysical property measurements were made. 


A ' 2,3,1 Sample Fabrication. Nominal 2.5 micron Kapton H films 
were made at JPL by etching thicker (7.5 micron), readily available 
material in a sodium hydroxide bath as discussed in 4. 1.5. 2. Generally, 
there was some slight variation from specimen to specimen in terms of " 
total thickness, but these were inconsequential as long as they were 
identified. Vapor deposited coatings were applied to the samples by 
TRW, Optical Coating Laboratories, JPL, Keim Precision Optics, and 
Uyne Optics. Ion plated coatings were p .pared by Endurex Corp. 


4-35 


Since coatings were applied under both laboratory controlled 
and commercial conditions, there was some concern as to the accuracy of 
the reported thicknesses and quality (e.g., purity) of the materials 
being applied. All vapor deposited coatings applied at TRW were 
accompanied by thickness calibration specimens which were coated 
simultaneously, overcoated with aluminum and then measured using a 
Varian 980/4000 interferometer. 


Carbon-filled polyimide samples were prepared by NASA-LaRC. 
A solution-cast film of a Kapton type polyimide was produced with a 10% 
by weight carbon black loading. This sample was subsequently front 
side aluminized and back side coated with 100A chromium. Additionally, 
some samples of protective overcoats for reflective coatings and a 
duplex coating of silver over aluminum were prepared by Endurex. 


4 - 2 ' 3 ' 2 Measurement Techniques. At the start of the testing, all 
emittance data were taken using a Gier Dunkle Emittance Inspection Device 
Model DB100. Because this device yields a near-normal measurement of 
the infrared reflectance, correlation was necessary with the more 
accurate (but more time consuming) Calorimetric Hemispherical Emittance 
Device or with a Paraboloid Ref lectometer which measures near normal 
spectral reflectance. Examination of the data revealed that the DB100 
consistently gave results that correlated well with the more sophisticate 
methods . Thus, the DB100 was employed for screening candidate emittance 
coatings, and the more complicated calorimetric and spectral measurements 
were reserved for those coating systems that appeared the most promising 
and for which more thorough data compilation was desired. 


The devices used to measure thermophysical properties are 
described as follows: 

( a ^ S ol_a_r Ref lectance/Ahsorptance 

Values of near-normal directional spectral 
reflectance at wavelengths from 0.28 to 2.5 microns 
were measured using a Beckman DR 2 A Spectrophotometer 
with an Edwards, et at . ’‘-type integrating sphere 
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reflectometer. These data were then integrated over 
the Thekaekara solar irradiance spectrum to obtain 
values of solar reflectance. Values of solar absorp- 
tance were obtained by subtracting values of solar 

reflectance from unity, since solar transmittance 
was zero. 


To determine effects of elevated temperature on 
the solar absorptance, another test was performed. 
Samples were mounted inside small fused silica "test 
tube" vacuum chambers attached to a small aluminum 
disc to which a Kapton/nickel foil heater had been 
bonded. The temperature was monitored with a thermo- 
couple while the sample was heated to the test 
temperature, in vacuo. The sample, in its evacuated 
holder, was then inserted directly into the integrating 
sphere reflectometer, where directional reflectance 
of the sample was measured. In order to account for 
any unexpected contaminant deposits that might accrue 
on the glass during the test, the sample was mounted 
in such a way that it could be moved to allow the 
100 percent beam to pass through the glass tube. 

The scattering characteristics (contributing to 
loss of specularity and therefore Sail thrust) of the 
reflected energy from the Sail material were also of 
concern. A series of measurements were made in an 
attempt to quantify the specular reflectance of a JPL- 
supplied "benchmark"* film material was measured with 
the TRW bi-directional reflectometer shown schematically 
in Figure 4-12. The angular nomenclature used is shown’ 
in Figure 4-13. The measurement was made at 0.6 microns 
(which is near the peak of the solar spectrum). Approxi- 
mately 35 percent of the solar spectrum lies below this 
wavelength. This particular wavelength was selected as 


The benchmark" film system as defined 
consists of a 2.5 micron (0.1 mil) Ku i 
as the reflective coating and 125A of 


nenceforth in this 
tea film with 1000 a 
C r as the emissive 


report 
of A1 
coating. 
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.epresentation of »ne TRW 
al Ref lectometer 
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Figure 4-13. Geometry of Radiation Incident and 
Leaving a Differential Area 


a conservative single point to measure, since at longer 
wavelengths the surface of the material would be more 
specular. 

The sample was mounted in a special holder, 

designed to place the film in tension and maintain the 

surface smooth and flat. The amount of tensile force 

used to accomplish this was not measured, but was 

assumed to be similar to what might be obtained on a 

Sail blade segment. The measured values for solar 

absorptance and near-normal emittance of aluminized 

material taken from an adjacent portion of the same 

coated film yielded values of a = 0.12 and c = 0.01. 

s Q 

These were taken for reference purposes. 

In another test to determine the degree of 
specularity of the uncrinkled aluminized film, minor 
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modifications were made to the Integrating Sphere 
Reflectometer. The area of aperture opening was 
effectively increased^through the use of circular 
blank masks on the inside wall. 

Then the decrease of the diffuse reflectance 
component (Rd) was monitored as a function of the 
polar (1/2) angle of the reflected energy. For 
nominal measuring applications this polar angle is 
5.3 . With the masks the angle was increased to 8.5° 
and then to 10.6°. At these angles, the diffuse 
reflectance decreased from an initial reading of 
0.227 at 5.3° to 0.035 at 10.6°; 

Emittance Inspection 


The Gier Dunkle Instruments Model DB-100 
Infrared Reflectometer was used to determine the 
emittance of several film surfaces. This instrument 
was calibrated using vacuum deposited gold and 3M 
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velvet Black Paint as reference surfaces, 
surface has been measured relative to a National 
Bureau of Standards vacuum deposited gold standard and 
found to have a near-normal infrared reflectance of 
0.990. The 3M Velvet Black has been measured by a 
variety of techniques (Ref. 4-16) and found 
to have a reflectance of 0.080. 


Em ittance Using Directional ! W tral 

Values of near-normal directional spectral 
reflectance at wavelengths from 2.0 to 26 microns were 
measured using the TRW Paraboloid Reflectometer 9 . 

These spectral data were then numerically integrated 
over the Plancklan 80°P Black Body irrad lance curve 
to obtain the reflectance of the material to on 80°F 
black body source. These integrated reflectance 
values were then subtracted from unity to obtain near- 
normal 80 U F emittance. 
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<d) ^spherical Pittance by rain-, -- trie T „ hn , r ,.. 

Determination of values of hemispherical emit- 
faace were made usiag calorimetric methods taking due 
account of the Inherent errors 6 . Two 4 inch by 4 inch 
Pieces of the metallised films were bonded to 4-inch 
square heater/substrate assemblies, and the electrical 
power required to maintain the specimen at specific 
temperatures while in an evacuated bell jar with 
liquid nitrogen-cooled walls was metered. 

Thermophvs ical Proper tv Uata 


J. J.l 


At>sor Ptance/Reflectance. The solar absorptance of 
aluminized Kapton was u F r 

Pton was found to be essentially independent of temperatur 

range 20 to 285 C in vacuo. Both smooth and crinkled samples 
were measured with the results summarized in Table 4-14. An interestln 
phenomenon which appears in the spectral data is a decrease in the 
characteristic 0.8 micrometer absorption band nf al • 
temperature. U ” lnU " at th ° hl 8 h *r 






^ ^ ' ^«cmea in Table 4-15 m 

ttates that the aluminum coated, smooth. Kapton surface was 

specular: at small angles 5 degrees off the specular angle the re Lv 

:,r;:;rr - — — 

- -r — - - 

-20 “rr- with r incident beam io ° ° ff n ° rMi «- tha «.*« 

. . . . fleeted beam measurement cannot 

o ooiVld id’ 20 and " 3 ° ' h °“ CVer ’ the maa8ure<i slgnal waa lass '•><“< 

0.0014 and could not be measured accurately. 




that . “ ° Ut ° £ the Plana 0t lncl, '“« « 2 -+90°) indicates 

„ in « T ,n° aCtUaU o S<>meMhat U “ 8ld< ' 8Cattet out- of-plane. The 
♦i-10 , ♦j-IO , T 2 "90 point, for example, could be compared to the 

t+i «1fln° _ - -I - . n 




10°, * 2 -20, $2*180° point. The in-plane 10°-off-specular vllue'is 
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Table 4-14. Effect of Temperature on Solar Absorptance of Aluminized Kapton 
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Table 4-15. Relative Bidirectional Reflectance 
Benchmark Solar Sail Material 
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Figure 4-14. Relative Bidirectional Reflectance of Smooth 
Aluminized 0.1 mil Kapton, ; | = i , Logrithmic 
Plot 
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0.18 percent, while the out-of-plane 10°-of f-specular value is 0.008 per- 
cent 20°-of f-specular values are 0.0020 percent and 0.0015 percent in and 
out-of-plane. 

The data for the other test for determining the degree of 
specularity of uncrinkled (smooth) aluminized Kapton is shown in Table 
4-16. From these data, a preliminary value for the specular reflection 
coefficient of aluminized Kapton was estimated. The value of 0.98 was 
calculated based on the three measurements and the following basic 
assumptions. 

(1) specular reflection is a function of surface roughness 
only 

(2) both the slope of the inf initestimal surface area of 
the membrane and the reflected light intensity can be 
described by the same distribution function 

Two different distribution functions were applied to process the data; 
the cosine and the normal. Both approaches produced the same value for 
the specular reflection coefficient that is used for calculating the 
thrust imposed on the Sail film by the photon impulse (momentum). 

4.2.3. 3. 2 Emittance. Emittance data for selected samples is presented 
in Tables 4-17 to 4-19. The nomenclature used to describe each sample 
is based on the sketch at the rear of the table. Table 4-17 presents 
data for several thin polymer films. The spatter in the data is 
believed to be the result of variations in film thickness. Sample A4 
was measured calorimetrically to verify the DB100 readings and to deter- 
mine temperature effects. The calorimetric data at 38°C agreed quit * 
well. Sample A2 was measured spectrally in the TRW Paraboloid Reflectom- 
eter and once again the data agreement with the DB100 was very good. 

The conclusions from these measurements; (1) the ultrathin polymer films 
(^2ym) alone do not have high enough emittance to meet the requirements 
for a 0.25 AU mission, and (2) all emittance measuring techniques gave 
similar results. 

Table 4-18 summarizes data for thin film metal enhanced 
films of configurations Figure 4-11 b, c, and g. Chrome, 50/50 nickel- 
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Table 4-16. Decrease In Diffnco n 

Polar Angle Increase 6 Ctance as Unction f 
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V. 
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Emittance of Aluminized Polymer Films 





Table 4-18. Emittance of Chrome/Nickel — Enhanced Films 
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Figure 4-16. Hemispherical Emittance of Aluminized Kapton 
as a Function of Temperature 

Directional reflectance data for samples A 2 and CR4 
(Figure 4-17) shows the interference band structure in the infrared 
which causes the increased emittance for the chrome-coated samples. 

4.2.4 (!oa t ing Durability 

Changes in coating properties as a result of exposure to 


probable HCR M environments an not known. Short-term data indicate ade 
quate stahilitv for the metal coatings. Reflectance and omittance as a 







TIME, hr. 


Figure 4-19. Resistivity of Chromium Film v; . Time at lb Suns. 
Benchmark System, T -x. 280°C, 10 8 Torr 

4.2.5 Manufacturing Requirements 

The technical requirements for the Sail film coatings impose 
^ set of coating parameters for thin polymer films than are 

normally employed for these applications. As previously mentioned, to 
n r ford protection to the film from the solar wind and u’travioiet radia- 
tion of the space environment, the reflecting side metal 1 i/.ation must be 
thicker than what is commercially applied to thin polvmer films, e.g. 

tile minimum thickness for aluminum on the reflecting, side of tin Sail is 
0 

1000 A. optical measurements latt* in program iniHcatoil that an im.re.ise 

o 

to 1100 - l-’OOA might he advantageous to negate I’V el lis ts. Ibis makes 
it necessary to apply the coating (in the . ase of vapor deposited ,, cit- 
ings) in multiple passes since only a finite thickness MHO - biioA) « in 
be applied with one pass without thermal damage to the thin film. 
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The cause is attributed to the high heat of vaporization for metal in 
combination with the small thermal capacity of thin polymers. The prob- 
lem will be less significant as the coatings are applied with a continu- 
ous process allowing better heat dissipation from a moving metal backing 
(roller). However, it is a factor that must be addressed in the design 
of the production equipment. Additionally, because of the higher heat 
of vaporization of the chromium emitting side coating, the requirements 
for the coating equipment for this process are more stringent. In fact, 
during the course of the work for the Solar Sail program, no vendor was 
found that had a continuous coating facility for vapor depositing chrom- 
ium coatings onto polymer films in widths greater than twelve inches. 

Other producibility considerations are the control of the coating quality, 
integrity and uniformity. 

Since the thermal control properties of the film are derived 
from the chromium coating thickness, this parameter must be very closely 
controlled. In addition, the chemical composition (purity) of the chrom- 
ium will vary with the quality of the vacuum within the chamber where 
the coating is being applied. Lower vacuum tends to produce slightly 
oxidized chromium coatings which, in turn, will have different emittance 
properties than the pure chromium. Large production facilities, as a 
general rule, tend to have poor vacuum capabilities. Since the chromium 
coating process will need stringent process and quality control, the 
development of improved metallizing equipment (over what is currently 
available) appears mandatory. 

xae physical vapor deposition (PVD) method was the major 
candidate process that was identified for application of the metallized 
coatings for the front reflector and backside emitter of the Sail film. 

The method was selected primarily on the basis that it has been the most 
thoroughly developed commercial technique and would be the most expedi- 
tious technique to develop to the point where large volumes of material 
could be coated with minimum modifications to existing facilities. 

The availability of the proposed raw materials for applying 
vapor deposited coatings (aluminum and chromium) to the Sail film 
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appeared quite adequate and the typical production rates predicted to 
be necessary to coat the film were also achievable. 

Other processes such as sputtering and ion plating were also 
assessed as potential methods for applying the metallization. Ion plat- 
ing of Kapton film samples was performed by Endurex, Corp. The thermal 
radiative properties of the samples were then measured at TRW, as part 
of the measurements program previously reported. 


Though limited in the scope of their effort, Endurex demon- 
strated the technical feasibility of the ion-plating process to apply 
metallized coatings to ultrathin polymer film for the Sail. From a 
thermooptical properties viewpoint, the ion-piated samples consistently 
yielded values of spectral reflectance (for silver and aluminum coatings 
and effective emittance (for chromium, etc.) which were equal to or 
superior to those obtained by physical vapor deposition methods. Solar 
reflectance values from ion-plated aluminum averaged near 0.91, while 
emittance values from ion-plated chrome ranged between 0.68 and 0.73 on 
2.5 micron Kapton, and surprisingly, show less dependence of the emit- 
tance on chrome thickness than is observed for vacuum deposited chrome. 
Endurex had no problem with ion-plated ITO on nolymide films, and 
achieved emittance values approaching 0.68. However, some of the ITO 
coatings were not sufficiently conductive. Assuming that this problem 
cou Id have been solved, the ability to coat ITO was demonstrated. 

Endurex also indicated that there were no unresolvable scale-up diffi- 
culties with the ion-plating process. In addition, limited bond peel 
test strength results were higher for these coatings than for comparable 
vapor deposited ones. Sufficient data was not obtained however, prior 

to culmination of the effort on the Sail program to gather conclusive 
evidence . 


The sputtering process offers 
to a Bat tel 1 e report^, has recent 1 v been 
eSH b v the use of a magnet ie field over t 
plasma density. I lie process is known for 
unlike the PV1) method, no rate monitor is 
constant metallization rate. 


many advantages, and 
developed into a high- 
lit* cathode surface to 
its stable operation 
nee ess ar v t o ma i n t a i n 


accord i m* 
rate proc- 
enham e 
and , 


a 
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4.3 


4.3.1 


JOINING, HANDLING AND PROCESSING 
Background and Technical Requirements 


is a r uas pointed ° ut that 

rzr ^ r* : r . 

r:; iL 

e 7000 meter long Heliogyro blades, an estimated 73^ se 

were reauirpH ho .. natea ' seams 

i^uirea to join the n f inpi c tli 

of 675 ,„„„ „ eters corr ~ to a totai 8m " 

With these imposing figures if , 

technology ndv.„c„.«. ln the ^ZZTlTl ““ 

be needed and a number of tremendous tch • , would 

in selecting a candldar la ” U '‘ l1 th allenges were Involved 

g candidate method of joining Hie Sail film 

in fabricating the Sail blades: ^ 


( 1 ) 


Urge flexible space structures bad been fabricated. 
*‘ 8 ‘ * Ech ° Sate llite; but none as large as the 
Solar Sail. The Sail is 1000 times larger in 
surface area. 


( 2 ) 


(3) 


films with area densities of 12 g/m 2 hod bee „ fabri _ 

cated Into small flexible struetures; but none as 
light as 3 g/m 2 

metail 1 zed polymer films, e.g. alumlnlxed Kapton, had 
been sucressfully Joined; but joined surfaces were no, 
required to sustain elevated temperature and space 
radiation exposure for long periods 

Table °4-20* f ° r the j °‘" Ine ”" h ” d *" 5, ““" *» 

- Joining and Z V ^‘r:; ^ ^ ~ 

— — - to he r’ZZZr""* "" “ er,TOS 
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'■S' 1 



0L, 
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' Jfc' 
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B. 


C. 


D. 


* system teUabU> aut£ "* ced . f“H> mechanised joining 

* bond strength greater than film material 

* minimum damage to coated film during processing 

* of"an mr l0nal Chan8e ° f Jolnt si " Uar “ 

e ultrathin films will require some type of support 
d^pio^t 8 " andline ’ babr (cat ion end 

e reinforcements would be requited at load transfer 
points iTir Sa “ struclure (Square Sail) and at 
blades (Lu^yt"" 9 ' °- 8 ' ^ ““ tra “ •* 

Thermal 

• thermal stability of bond must equal that of Sail 
Radiat ion 

. radiation resistance of bond must equal that of Sail 
Electrical 

* e^rrY har « ln « ° f Si,U film Wm,hl •'•'ve to be 

ntr.lled and means for accomplishing this would 
also be required in the seam 


Initial effort was devoted to a survey and assessment of 
known joining methods for the major Sail film material candidates at 
that time. This included an assessment of the various generic bonding 
methods for applicability to ultrathin film materials. Additionally, 
the current state-of-the-art in performance, efficiency and reliability 
of parachutes, balloons and other Ughter-than-ai r vehicles was examined. 
Much of the recent research and development In the latter area; with 
respect to materials, handling and fabrication had been performed at or 
for NASA- La RC (sec Refs. 1-11). 
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This survey and assessment resulted in a preliminary list of 
the most promising joining methods which are listed in Table 4-21. 

There were some obvious disadvantages with the mechanical joining 
methods (e.g. stapling, sewing, etc.). These were as follows: 

(1) Reinforcement was required along leading edges of the 
film to avoid tears as each hole for a thread or 
staple represented a stress riser. This added weight 
to Sail sheet. 

(2) The thermal heat balance would be affected by the 
geometry of a thread or a staple which would make the 
seam temperature dissimilar (higher) than the L'v.ance 
of the Sail sheet. 

(3) Extra weight would also be added from the introduction 
of the thread or staple. 

Upon further evaluation and experimentation with adhesive bonding, it 
appeared evident that this method showed the most promise for the join- 
ing of ultrathin films. Therefore, major emphasis was placed on joint 
design, type of adhesive and process to be used. 

Several types of bonds were expected to be utilized in the 
fabrication of the blades for the Heliogyro. Some are used to join 
the adjacent film panels of a blade, some to provide rip-stop protection 
in the blade panels, and still others Jr .he fabrication of the high 
strength edge reinforcement members. The latter is discussed separately 
in another section of this report dealing specifically with the Helio- 
gy^o structure. 

As earlier discussed, the basic ] mel segment bonds (bonding 
adjacent strips of film together to form larger sheets) were by far, the 
most numerous. Early in the program, when effort was being concentrated 
on the Square Sail, tills particular joint received the major attention 
* and concern. Therefore, once the major candidate bonding method was 
determined (adhesive bonding), effort was devoted both to sole- ting the 
tvpe adhesive and to designing an optimum, basic joint. 
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Table 4-21. Preliminary Sail Film Jr ' ling Methods 


Joining Method 

Comments 

Adhesive Bonding 

Minimum weight joint, minimum 
thermal problem (joint design), 
good material compatibility 
possible. 



Sewing/Stitching /Lacing 

Ease of fabrication process, 
availability of equipment, 
known technology. 

Stapling 

(Same as for Sewing/Stitchings/ 
Lacing) 


4.3.2 Evaluation and Selection of Joining Method 


Since the work in the basic film materials area of this 
program indicated that polyimides were the major candidates for the Sail 
film, a survey was made to identify potential adhesives for bonding 
polyimide films to themselves. This survey, which included a search of 
the literature and contact with industry experts regarding high tempera- 
ture adhesives, resulted in a list of potential adhesive candidates in 
the following chemical classes: 

(1) polyimides 

(2) polyphenylquinoxaline 

(3) phenolic aralkyl ethers 

Adhesive samples from each of these classes were obtained 
from manufacturers and screening tests were performed. Most of these 
tests were made with Kapton 11 polyimide film, which was the most readily 
available and also had emerged as the prime Sail film candidate. Early 
testing was performed on bare films and subsequently on metallized films 
after the reflective and emissive coating system ( A 1 and t.r) had been 
identified. The criteria used in the screening tests for the adhesives 
are indicated on the following page. 
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Property 

Criterion 

Bond Strength 

no failure in bond after curing 

Thermal Stability 

bond to be intact after aging 
for 24 hours at 315°C 

Handling/Procesping 

ease of application, speed of 
handling, sensitivity to ambient 
moisture, etc. 

Availability 

should be commercially available 
in large enough quantities to 
support Sail fabrication 
schedule. 


4. 3.2.1 Evaluation_Tests . A list of the adhesives evaluated are 

shown in Table 4-22. Various thicknesses of Kapton H films were 
employed (2.5, 7.6, 25 and 125 pm) for the screening tests. The speci- 
mens were primarily of the lap shear type, approximately 1 x 8 cm for 
total specimen size, with a joint area of 1 cm 2 . Bond tine thickness 
was one of the variables and thicknesses from 2.5 to 12 microns were 
investigated. The adhesives were generally applied by spraying with an 
air brush, manually brushing and then scraping (leveling) with a blade, 
or by the use of a Q-Tip. (cotton swab.) Prior to application of the 
adhesive to the Kapton surfaces, the film strips were cleaned with 
ethanol (100%) and air dried. Adhesive was applied to one or both sur- 
faces of the Kapton, dried and prepolymerized (where applicable) by heat. 
Bonding was accomplished either by using a manual soldering iron (at 
370°C) or a hydraulic platen press (where pressure and temperature were 
easier to control). Initial cure times varied from 10-15 seconds with 
the soldering iron to 30-40 seconds with the platen press at tempera- 
tures of 310-315°C. 

Since the bonding process ultimately used to fabricate the 
Sail blade panel seams had to be, of necessity, fairly fast (2-3 meters/ 
minute), the time teejuited to make a strong joint was a dominant factor. 



Bond strength tests included tensile shear using the Instron 
tester in compliance with Federal Test Method Standard it 175, Method 
1033.IT and creep measurements under constant load. On a selective 
basis, tests were performed at elevated temperature in vacuum or in an 
inert atmosphere. The Kapton used in making up the samples had to be 
thicker than that used for the Sail in order to get bonds to fail in the 
joints during the lap shear tests. 

The results of the tests indicated that satisfactory bonds 
obtained with NR 150B2G and NR 150A2G adhesives made by duPont. 

The*:* made with TR150-25 and TR800-25 were also acceptable. The TR 
adhesives, while showing good thermal resistance on bare Kapton at tem- 
peratures of 260°C (TR150-25) and 310°C (TR800-25) were removed from 
consideration however when a question arose about their commercial avail- 
ability in large quantities. Bonding was achieved in less than 15 sec- 
onds wxth the soldering iron and under 45 seconds using the platen press 
at 315°C. Further tests and evaluations concluded that the NR150B2G was 
the prime candidate for the adhesive system. This adhesive offered 
superior bond strengths at elevated temperature and good thermal sta- 
bility over the temperature range for the HCRM. 

4. 3. 2. 2 Joint Design. Concurrent with the effort to select the 
adhesive, wcrk was conducted to design the basic seam that would be 
employed to join adjacent film panels. The major considerations were: 

(1) the joint would have to have the same thermal 
characteristics as the Sail film 

(2) the weight of the joint itself would have o be 
minimized 

(3) the joint would have to be compatible/ adaptable to 
high speed production joining processes 

(4) voids in the adhesive would have to be kept to a 
minimum to avoid thermal problems. 

(5) the amount of exposed (bare) adhesive (sun side) would 
have to be kept to minimum to avoid thermal problems. 
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ter studying the problems involved a hbs< 

Incorporated a butt seam with * 80 6Volved which 

- side of the film Xh L desi T*"* ^ « *■ -ti- 

shows a 1 cm wide doubler tape of” t ‘ llUSttated ln P1 « ure *'20 which 
<°-3 »U, thick, adhesive bold t oT«i ^ — 

thick, metallised Kaptoa Sail f Un _ "* * 868 ° f 2-5 micron <°-l -U) 

microns (0.15 mU). It „a s calculated 1 U ^ 

between the two butting edee. * 12) 'hat the gap 

microns (3 mils) because of telV ' SU " ^ Sh °“ ld e *“ ed 76 
advantages of this particular Jolll 8 71‘ ; “” Sl<l " at l0 " S ' ° ther 

<S) th d e aP d 1V b 1 theraal COntt01 COatIn « 8 “" ld be applied to 
the doubler ahead of the final Joining pt J 

00 a ' lhaalVa ““ ld als » be applied to the doubler 

Pt or to the final j„i nln8 process (am 

processing step on the film sheet) 

CO the doubler (with the adhesive pre-appUed, could 
employed as the reinforcing transverse rip-stops 
Saii film in the blade panels. 

Consideration was also given tn t-h* * , 
joint would contribute to the spacecraft Cal 7 f ' that thiS ^ ° f 
seam would weigh approximately 0.184 g/m M Sh °“ ad that this 

675,348 m, the total seam wel hb * 3 t0tal Seam len 8 th of 

It was calculated that for a ^ ab ° Ut 124 k8 ‘ Por ‘-""Parison, 

0-204 g/m for a total of 138 kg h “ 

4 ‘ 3 ’ 2 * 3 lestlng Pro gram 

Thermal Aging 

After selection of the candidate adhesive and Jo i„ t 

ag e i 8 ng 8n ’h f “ rther tMtln8 WaS C0 " dUCted t0 determine the 
aging characteristics of the Joint at various tempera- 

ores. other tests were performed on the "benchmark” 

'"‘"t a “' h aa - 8 ^ted space environment teeing 
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Figure 4-20. Benchmark Joint Configuration 

at Boeing where sample joints were included with film 
samples. The results of these tests showed the Joint 

“ behaVe «- basic films. Details of 

these tests are discussed in a later section on system 
performance. 

Sample Preparation 

Metallized lap shear specimens were made up using the 
butt configuration and "benchmark" plated (1000A of A1 
on one side and 125A of Cr on the other) 125 micron 
<5 mil) thick Kapton film. Again, the thicker Kapton 
was used because failure occurred in the film with the 
thinner gang. fU ms and for these test purposes, fail- 
ures in the joint were sought. Bond line thicknesses 
of 2 to 4 microns were employed. 

, -r:\Al PA0V1 is 
• l'linK QUALITY 
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An appropriate number of specimens for a statistical 
base could not be prepared from the same batch processes 
because of the lack of equipment to prepare large batches. 
Sheet joints were therefore prepared from small sheets 
of film (each 13 x 28 cm) which were subsequently cut 
to the specified specimen sizes. This necessitated 
the preparing of a large number of batches, and thus 
obtaining control samples from each batch, because 
tensile shear strengths could vary from batch to batch. 

(b) Testing and Test Results 

The specimens were placed in evacuated and sealed 
quartz tubes which were in turn placed in ovens and 
aged at temperatures of 240, 270, 305 and 370°C. At 
certain intervals, generally every other day, speci- 
mens were withdrawn from the ovens and tested at tem- 
peratures of either -60 or 250°C. 

Control specimens, that had not been aged, were tested with 
each group of aged specimens at either -60° or 250°C. The lap shear 
strengths of these control specimens, were then compared with the lap 
shear strength of each particular aged specimen to arrive at a shear 
strength ratio, St/S Q , where S t ■ the shea** strength of the test speci- 
men and S Q = shear strength of the control specimen. These S t /S 0 ratios 
were then plotted versus aging time for joints aged at the four tempera- 
tures (240, 270, 305 and 370°C) and subsequently tested at cither -60°C 
or 250°C. Figure 4-21 is the plot of aged samples that were tested at 
250°C, while Figure 4-22 is the plot of those specimens tested at -60°C. 
Except for one case, in the samples tested at 250°C where a sample was 
aged at 240°C, there was an Initial reduction in S t /S Q , then an increase, 
followed by a gradual reduction. 

The average lap shear strength values for the control 
samples tested at 250°C was 400 psi, while those tested at -60°C was 
125 psi. Thus, even though the trends were generally toward lower 
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Figure 4-21. Accelerated Aging of Adhesive Joints 



Figure 4-22. Accelerated Aging of Adhesive Joints 
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V S o ratios with longer aging times, (especially at the -60°C test 
temperature) the strength of the joints appeared adequate for the appli- 
cation where maximum loads of 0.5 psi had been projected for the film 
sheet while inflight. Generally, the data it 250°C is what would nor- 
mally be expected, where polymer materials that are cured at or near 
their use temperatures perform better than ones cured at temperatures 
lower than their use temperature. It is apparent that a higher tempera- 
ture cure is beneficial for increasing the strength of the joint. 

The trend of the data for the samples tested at -60°C towards 
the lower values is not so easily explained. More analysis is needed 
in this area. 


^•3.3 Handling and Processing 

4 • 3 . 3 . 1 Requirements 

Although it was anticipated the Sail film would receive 
separate handling prior to the bonding operation, e.g. application of 
the reflective and emissive coatings, it was perhaps in the bonding area 
where major concern occurred. This is where sheets of coated film are 
processed into Sail blade panel subassemblies and, as a result, the film 
would probably sustain its greatest mechanical stresses. The general 
problem of handling has not been previously discussed because some 
thought had been given to having the coatings applied to the basic film 
at the same point in the manufacturing cycle that Sail fabrication was 
performed. This would eliminate a separate handling and packaging step 
for the coating operation. 


There were three outside contracts to study the feasibility 
of Sail fabrication. These were conducted under the direction of the 
Project Development Group of the .JPL Applied Mechanics Division. These 
contracts basically covered Solar Sail preliminary design and fahricat ioi 
assessments. Two contractors, (It.C Dover and Sheldahl) Initially were 
conducting studies on the Square Sail configuration and one (Astro 
Research) on the Heliogyro. Therefore, the subject of fabrication 
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processing of the ultrathin, flexible Sail film received close attention 
by qualified personnel. These contractors are very experienced in the 
fabrication of lightweight, flexible space structures. 

For this portion of the report, "processing" is considered 
as the conversion of film and adhesive into a great number of Heliogyro 
blade panels meeting all of the engineering requirements. Important 
considerations were the retention of all the properties of the Sail film 
required for the HCRM, e.g., reflectivity, emissivity, and long term 
resistance to the mechanical, vacuum, thermal and radiation environment. 
Also very important, were the control of dimensions and mass distribu- 
tion. This was especially true of the adhesive joint where tight toler- 
ances were required on the amount of adhesive employed and the width of 
the exposed gap on the sun-facing side of the butt joint. 


To meet the requirements of the HCRM, all of the appropriate 
technology had to be developed, and a fabrication facility provided in 
the short time alloted by the Sail program schedule. The facility had 
to perform at a rate compatible with this schedule. In terms of one of 
the key operations, adhesive bonding, this rate corresponded to 2 to 
10 meters per minute, depending upon such factors as number of shifts 
per day, and maintenance down-time. Notwithstanding the considerable 
differences between the Square Sail and the Heliogyro, the general 

scheme of film and adhesive processes in their fabrication would be very 
similar. 


It is acknowledged that changes in specific raw materials 
could result from the findings of future research and development; how- 
ever, since major attention has focused on a single set in this program, 
their use will be assumed in this section. The film is 2.5 urn Kapton 
coated with lOOoA of aluminum on one side and 125A of chromium on the 

other ("Benchmark" film). The adhesive is DuPont’s NR150B2G which, like 
Kapton, is a polyimide. 
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A brief outline of the required process elements is shown 
below. In the case of a one-piece Square Sail, the elements listed 
under item 2 below would be repeated many times with sub-assemblies of 
ever increasing size. 

(1) Raw materials will be: 

(a) received, 

(b) stored, 

(c) subjected to quality control inspection and 
testing 

(d) delivered to work stations. 

(2) At the work stations, films will be: 

(a) deployed, or partly deployed, from portable 
packages (probably rolls), 

(b) metallized 

(c) measured, 

(d) slit, 

(e) aligned, 

(f) bonded, 

(g) subjected to non-destructive evaluation (NDE) 
(not necessarily all at this point in sequence. 
For example, real-time NDE of bonding is 
contemplated) . 

(h) repackaged, 

(i) delivered to another work station. 

(3) Thermal treatment for additional curing of adhesive 
bonds. 

(4) Final inspection , including weighing. 

(5) Packaging for flight. 
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Adhesive bonding* consists of several sub-elements. The adhesive is 
supplied unpolymerized dissolved in a solvent. First, solution must be 
applied to the doubler strip in measured ^density (e.g., air brush spray- 
ing). Then, the applied solution is dried and prepolymerized to a tacky 
state by heat. Next, the two Sail sheet strips being bonded are brought 
together, the doubler with preapplied adhesive is fed into the operation 
and the entire assembly fused by pressure and heat. Our investigations 
indicate that sufficient strength for subsequent handling can be attained 
in a period of about IS s. The additional curing (process element 3) is 
needed to produce in the adhesive bond the thermal resistance required 
of the Sail for the HCRM. 

4. 3. 3. 2 Film Handling 

Early inquiries about the fabrication of light-weight flexi- 

2 

ble structures revealed the 3 g/m Sail film to be considerably lighter 
than what had been fabricated up to that time. The chief concern was 
the film 'raglllty, and particularly its poor tear resistance during 
handling. 


However, since the inception of the Solar Sail program, con- 
siderable quantities of 2.5 micron (0.1) Kapton film were handled and 
subjected to a variety of testing at JPL. As a result, greater confi- 
dence was gained in handling. The two fabrication study contractors for 

% 

the Square Sail, (1LC and Sheldahl) concentrated on this problem. At 
one time, there were plans to demonstrate the fabrication of a 2000 ft^ 
Sail panel. However, this was not performed when technology development 
was switched entirely to the Heliogyro in late May 1977. Included in 
the plan were the development of methods for repairing anticipated tears. 
Without actual experience, a good estimate would be very difficult of 
the frequency of this maintenance item. The chief problem anticipated, 
if considerable repairing were required prior to launch, is the compli- 
cation imposed on efforts to attain specified mass and mass balance 
on the Sail blades. 
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In anticipation of severe damage problems with the Sail 
film during processing and deployment, investigation was made of the 
feasibility of employing a reinforcing type of material to support the 
Sail. If a supporting film were needed only during manufacture of the 
Sail, it did not appear difficult to achieve. Kraft paper was used with 
success in the preparation of "benchmark" adhesive joints in an experi- 
ment with a commercial bonder. Also, a paper was employed by MRI in the 
retrieval of their water cast polyimide films. 

As the HCRM was originally conceived using the Square 
Sail configuration, there was no allowance for the extra mass a perma- 
nent or a temporary supporting film would impose. However, some inves- 
tigation was made into the feasibility of a temporary supporting film 
(one which would be discarded after the Sail was deployed). Three con- 
cepts were identified which appeared feasible, providing certain criti- 
cal questions were answered: 

(1) Some polymers degrade thermally, and their degra- 
dation products are low enough in molecular 
weight to evaporate in the vacuum of space. The 
one polymer of this type that was identified, 
poly '^-methylstyrene can be produced in film 
form. However, it is too brittle to be practical. 
Two avenues of avoiding the brittleness were 
recommended for further study, (a) plasticization 
or (b) replacement of the methyl group by bulkier 
pendant groups. 

(2) A seri.es of film polymers was identified in a 
separate investigation which also degrade 
thermally with the aid of UV radiation. 

Practical use had previously been made of this 
technique using polybutylmethancrylate, in the 
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launching and deployment of a 9 meter diameter 
grid sphere, passive satellite. Two questions 
remained to be answered regarding the feasibility 
of either of the supporting film concepts just 
described. First, in the case of the Solar Sail, 
the removal of the film and its degradation pro- 
ducts would have to be complete. The research in 
reference 13 didn't go that far because for that 
mission it wasn' t important. The second question 
was: To what extent would the degradation pro- 

ducts from the volatilizing materials contaminate 
optical surfaces on spacecraft instruments as well 
as the reflective side of the Sail? 

(3) Another concept considered was based on the selec- 
tion of a supporting film with a unique set of 
other properties. In this case the supporting 
film would be very weakly attached to the Sail 
film and after deployment it could be peeled off 
and discarded along with other elements of the 
vehicle. A bond would be achieved between the 
two films just good enough to provide the required 
reinforcement, but weak enough to avoid damage 
during their separation. The bonding mechanism 
between the two films would be made by a liquid 
having a low but positive vapor pressure. The 
liquid would have to be compatible with the Sail 
film in the sense of not diffusing or absorbing 
into it or otherwise degrading it. A major prob- 
lem with this concept would be the mechanical one 
of peeling, collecting and projecting the fugitive 
film in a way to avoid impact with any part of the 
vehicle. 
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4. 3. 3. 3 Film Blocking 

Thin plastic films have a tendency to cling together and 
to other surfaces. Among the factors causing this phenomenon is the 
static electric potential. Kapton, being a dielectric, would be expec- 
ted to give trouble at 2.5 microns (0.1 mil) thickness in the uncoated 
state. Qualitative observations in our experiments with metallized 
films, however, indicate that the problem was not as severe. Blocking 
is probably most critical during handling prior to the metallization. 

If the adhesion between folded or adjoining Sail film layers prior to 
blade deployment is strong enough to cause tearing or delamination or 
surface damage, it can't be tolerated. Provisions have been made in the 
deployment mechanism for the Heliogyro blades to minimize this problem. 
The concern was much greater with the Square Sail configuration. There- 
fore, some attention was directed towards conducting tests to establish 
the extent of the problem of "blocking". 

The ASTM tests that deal with the tendency for blocking 
and with the force required to separate were reviewed. They did appear 
to be directly applicable to the needs of the Solar Sail film. A com- 
bination of both measurements in one test would be preferred because 
they are related. A more appropriate type of test would be as follows: 

( 1 ) Samp 1 e Prepara t i on 

Cut samples and assemble in a simple jig for 
conditioning (with free ends available for 
peel testing). 

(2) Conditioning 

(a) Compressive stress film mass to 30 psi 

(b) Duration: 1 day to as long as possible 

(c) Temperature: -40 to 18 l ’C 

(d) Humidity: 0 to 50.' Rll 

(e) Vacuum: Start at atm.; bleed down, and hold. 

(!) Handling: "white glove" care 
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(3) 

Peel 

Test 


(a) 

Measure stress (lb/in) vs peel rate 


(b) 

Rate: several decades 


(c) 

Temperature: -40 to 38°C 


(d) 

Vacuum: 10 " ^ torr 

(4) 

Evaluation 


(a) 

Examine surfaces for blemish, delamination 


and tear. 


4 *3. 3. 4 Film Creasing 

Wrinkles and folded creases in the Solar Sail film are 
undesirable for a number of reasons. If creases are tight enough, the 
film itself is weakened. Creases not l.ght enough to weaken the film 
could be expected to take a permanent set on the one hand and either 
fracture the metallic coating or degrade the specularity of the reflec- 
tive coating. Besides degrading the specularity, fractures in or missing 
metallic plating leave those areas of the polymer unprotected r rom UV 
and other radiation. 

It appears reasonable that the Heliogyro blades might be 
fabricated and stowed for flight without ever subjecting the film panels 
to wrinkling or folding. Tight creases might be avoided in a one-piece 
square Sail also by the use of the concepts developed in Appendix I. 

Some limited testing was performed to determine to what extent deterior- 
ation occurred in the metallization (conductively and reflectively) 
during cyclic bending from straight to a 4" radius. Coated Mylar film 
(2.5 urn thick) was folded into strips and flexed 200, 400, 800 and 
lbOO cycles under a light load. Generally the aluminum held up well 
but the conductivity of the chromium decreased slightly. 
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4 . 3 . 3. 5 


Process and Quality Control 


will r.n Assutan « of meeting all the engineering specif lcationa 

These ,;r" SlV<i "° nIt0rln8 a " d C °" tr01 ln thr « •"-«! areas. 

(2) cont'l ,Uallty assur ance of incoming and stored raw materials, 

Z ~:r *“ Pr °“ 38 0P " ati0 '’ 3 <™“ *■ instances) , 

d 3) (non-destructive evaluation, of specific product elements 
during processing, adhesive joints in particular. 

Film must be inspected for thickness, density, reflectiv. 
emissive coating uniformity and of course tears and voids. Film 
samples must he taken (possibly remnants from slitting) and tested des- 

properties. ^ ‘ ^ -‘“-"“1 resistance 


Adhesive must be sampled and tested for processability 

(e.g., reproducability of areal density in standard spray conditions) 

an ts capability for making the specified environmentally resistant 
joint. 


e problems of process control for lay-out dimensions 
were studied by the fabrication study contractor,. The Square Sail „„„ 
e part cularly sensitive to accumulation of errors of th's tvpc becaus. 
the necessity for approximately ,000 adhesive joints in sequence 
a ong certain dimensions. There are several dimensions In ,ho seam 
jo nt which will have to be controlled closely, partly for overall 
dimension control, and partly for „ variety of other reasons (reliable 
g , overall mas.,, etc.). In particular, the unprotected adhesive 

" 8 “ P “ f th * bu “ ** aapocted to be sensitive the near- 

sun space environment. Therefore, gap width control Is essential. 

Total mas, and mas, balance from point to point (Square 
sail, or blade to blade (l,„ I logyro, are Important requirement,. 
process control which w„ I eded 

of mass „ the water , oaten, of the film. Kapton can absorb a, 

Wnt0r - temperature and hnmidltv thr 
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Plant 18 a rea 8onable approach. Also of concern Is possible lot-to-lot 
Vatiatlon in the KapCon fllm * Th ere are opinions that variation, may 
s* eXl8t between the amounts of unreacted polymerization charge materials 

and/or by-products from one lot to another. 

Among the conditions which must be controlled, in addi- 
tl0n t0 those a ^ecting dimensions and mass, in the adhesive bonding 
prOCe88; are temperature, pressure, and duration. Control of tempera- 
ture and dur ation is also needed in the adhesive post-cure. 

s c< . 

Monitoring and assurance of many of the required proper- 
tl6S Wil1 be achieved by a variety of measures not requiring real-time 
WE ' Partly * thls wil1 be done by QA of raw materials. Other measures 
V* WlU include the design of machinery, particularly film handling, and 

prOC6SS con trols. The chief exception is adhesive bonds. Probably the 
I . most affective method of assuring bond quality is real-time NDE. This 

means that such Properties as centering of doubler, butt-gap width, 

“ flash dimensions, and completeness of bond must be monitored at a rate 

° f from 2 to 10 m/min * Qualities, such as strength and properties 
- correlating with long-term durability can be assured by a combination of 

Pr ° CeSS C ° ntro1 during bonding and destructive tests of appropriate 
coupons. 

® ne or more concepts for monitoring each of the critical 
~ parameters had been identified. For example, film thickness or area 

den8ity ’ could be monitored by a beta radiation gauge. The optical 
transmission or electrical resistivity of the chromium coated film would 
be a measure of the chromium thickness. In addition, the solar absorp- 
tanCe at part fcular wavelengths, where the values are strongly thickness 
dependent, is another technique for measuring the metallization thickness. 

O 

^•3*3.6 Processing Status 

As other sections of this report will show, along with the 
reports of the fabrication study contractors, References 1 and 2, Sec- 
tion 4.1, established processes and equipment were identified which can 
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be used, perhaps with some modification, to fabricate the Sail and con- 
duct many of the monitoring tests. Where specific needs were lacking, 
conceptual designs were proposed. 


The adhesive bonding process received considerable 
attention at JPL. An adhesive with the required properties (both pro- 
cessing and functional) was identified. The portion of the program that 
remains, as with all the other material components of the Sail, is com- 
pletion of the durability testing. The results of limited durability 
testing of the adhesive joint obtained thus far were covered earlier in 
section 4. 3. 2. 3 in this section. 

Other tests were conducted which tended to show that 
there was considerable safety factor in the "benchmark" joint. As men- 
tioned previously, in order to perform shear tests of the adhesive joint 
by pulling specimens in tension, it was found necessary to substitute 
125 micron (5 mil) metallized film for the 2.5 micron (0.1 mil) film 
and 7.5 micron (0.3 mil) doubles in order to avoid film failure. 

Limited creep tests showed no measurable displacement in several joints 
held under constant shearing loads at 235°C in vacuum for over 1 100 hours. 
The highest loaded joint was stressed over 9 times that required in the 
Sail. 


The processing study in particular was encouraging. As 
reported earlier in this section, "benchmark" joints made from "bench- 
mark" materials were made in conventional bonding equipment. None of the 
problems of quality and reliability appeared to be too difficult to 
solve by ordinary methods. A demonstration of the fabrication of a 
large multibonded panel was accomplished. This demonstration Sail was 
fabricated by bonding four 0.3 meter wide x 2.25 meter strips of coated 
7.5 micron (0.3 mil) Kapton film into a single sheet. The entire 
operation was performed on reasonably priced, commercially available 
bonding equipment that could easily be modified to perform Sail sheet 
bonding operations. The procedure is described in Appendix 11. 
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SAIL FILM PERFORMANCE 


The initial investigative work and studies in this program 
were aimed at Identifying the prime candidate film materials and coatings, 
and methods for fabricating coated film segments into larger panels or 
(in the case of the sqnare Sail) a single one-piece structure. These 
initial tests and evaluations did not answer all the questions posed 
concerning the performance to be ejected of the Solar Sail materials in 
the space environment. Therefore, more extensive evaluations and analy- 
tical effort was devoted towards assessing the effects of the space 
environment on the Sail film system. These assessments Included: 1) 

identifying potential failure modes, 2) determining long-term life pre- 
dictive methodology and ?) performing limited amounts of simulated space 
environment testing. 


The failure modes identification effort was separated into 
two categories: 1) material failure modes analyses for the fabrication 

through deployment phase and 2) an in-space failure mode matrix for a 
deployed Sail. Potential failure modes were identified in these studies 
along with generalized requirements for special tests to determine 
important Sail properties affected by the various failure modes. 

Predictive analyses of long-term serviceability were formu- 
lated from physical-chemical theories. Chemical degradation at various 
temperatures, thermal aging effects on mechanical properties and the 
effects of thermally induced morphological changes on the creep behaviour 
and thermal expansion co-efficient with respect to Kapton film were the 
subject of these particular modeling studies. 

In the area of space effects testing, a series of experi- 
mental programs „ a8 conducted to establish the effects of the following, 

either singularly or in combination, on the Sail film and its bonded 
joints: 


(1) thermal radiation 

(2) ultraviolet radiation 
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(3) gamma and neutron radiation 

(4) combined particle and ultraviolet radiation 

(5) electrostatic charge control/dissipation 

Testing was performed at various locations, including NASA- 
ARC, NASA-LaRC, NASA-MSFC , Brookhaven Labs, the Boeing Co. and JPL. 

4.4.1 Failure Mode Studies 

As previously mentioned, the failure mode studies were 
divided into two basic categories: 1) material failure modes analyses 

for the fabrication through deployment phase and 2) analysis of in-space 

failure modes. 

Potential failure modes were identified, along with general- 
ized requirements for tests to determine properties applicable to the 
various failure modes. The majority of these tests also determined 
desirable material properties that were used in the selection of candi- 
date films. Thus, even though values for these properties may have 
already been known or under investigation, the need remained for know- 
ing how they would change with time, temperature and radiation in the 
space environment. A List of these required properties with attendant 
environment or test conditions is shown in Table 4-23. 

4.4. 1.1 Fabrication Through Deploymen t Failure Modes. In generating 

a list of expected failure modes that might occur during fabrication 
through Sail deployment, many assumptions had to ’>e made concerning 
fabrication techniques and final Sail configuration. Therefore, the 
discussion that follows contains items pertinent to several manufactur- 
ing methods and both sail concepts. 

( 1 ) Gail Contour and Smoothness (Squa re Sail) 

A particular problem was foreseen with respect to the 
topography of the Square Sail. It was visualized that 


4-83 


w 


1 





720-9 


Table 4-23. Simulated Solar and Space Radiation Test 
Requirements for Determination of Sail 
Performance 

Data Required Environment or Conditions 


1. Physical and Thermal Character- 
istics (Bi-axial) 

• Tensile strength 

• Tear strength 

• Yield strength 

• Modulus 


• Thermal. A wide temperature 
range is expected with brittle- 
ness a possible problem at the 
lowest temperature and coating 
and seam bond failure or film 
decomposition at the highest 
temperature. Data is required 
at -100°C, 20°C, 100°C, 200°C, 
300°C, 400°C . 


• Elongation/Shrinkage 

• Creep 

• Fatigue characteristics 

• Bond strengths (shear and 
peel) 

• Specific heat 


• Vacuum. Do thermal test tem- 
perature applications at low 
ambient pressure to include 
desorption effects on mate- 
rials. Restrict atmospheric 
air contact with samples during 
physical property tests. 

• Solar Radiation. Tests are 
required after maximum inten- 
sity U.V., I.R, and x-ray 
exposure and after various 
accumulated exposure times. 

• Accumulative environments. 
Physical property tests should 
be made at various significant 
stages of the mission at 
vacuum ambient pressure and 
with the appropriate Sail tem- 
perature and cumulative solar 
radiation. 


Note: These properties should be 

obtained after exposure to the 
individual and combined thermal- 
vacuum-solar environments 
anticipated. 


2. Electrostatic Characteristics 

• Resistance (Tri-axial) 

• Capacitance (Transverse) 

• Breakdown Voltage 
(Transverse) 


Test electrostatic properties over 
anticipated Sail temperature range 
and after solar radiation expo- 
sure. Include Sail sheet, seams 
and ripstops in test samples. 
Include smooth and wrinkled sam- 
ples. Observe warping 
characteristics. 


4-84 


720-9 



Data Required 
3* Optical Characteristics 
• Reflectivity 


Optically smooth, clean Sail 
material 


- Specular Reflection 

- Total Reflection 
• Emissivity 


Mechanically or impingement 
eroded Sail material 


• Wrinkled Sail material 

• Dust coated Sail material 


• Accumulative environments. 
Optical characteristics should 
be determined at various sig- 
nificant stages of the mission 
at the appropriate Sail tem- 
perature, cumulative solar 
radiation and cumulative simu- 
lated erosion and micrometeor- 
old puncture. 


K iv pciues arrect the 

propulsive and thermal balance 
characteristics of the Sail. Pre- 
launch handling, deployment and 
the space environment affect the 
surface of the Sail, include 
Sail sheet, seams and ripstops 
in test samples. Optical proper- 
ties are required. 


the deployed Sell, if allowed to relax, would take o„ 
“ lrre8Ular SlU,>e ' the following factor,: 

(a) Effect of Internal atresaes present In the coated 
film material before Sail fabrication. 

(b) Effect of stresses introduced by Sail fabrica- 
tion processes. 


(c) Creasing (permanent set) introduced during 
packaging, shipping, and storing. 

(d) Effect of stresses introduced during 
deployment. 
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(e) Shrinkage as a function of time and exposure. 

(f) Differential thermal expansion while deployed. 

It was further presumed that, if the deployed Sail were 
simply restrained without actual tension, the billowing pressure of the 
solar flux would be insufficient to remove undesirable contour irregu- 
larities, either micro- or macroscopically. In short, it would seem 
necessary to operate the Sail under slight tension to insure the 
required surface contour and smoothness. This was not a simple 
requirement . 


If the Sail were pre-tensioned in a structural support of 
fixed dimensions, the tension will tend to be relieved by the creep of 
the Sail material. The inherent shrinkage tendency would seem to 
provide a counteracting effect, however, it is doubted (from past 
experience) that this effect will be useful. It was apparent that some 
mechanical means would be required to maintain tension automatically or 
retension from time to time. 

Analysis of this problem would depend upon testing to deter- 
mine the pertinent structural characteristics of the Sail material as 
a function of the space environment. 

(2) Differential Shrinkage 

Assuming the Sail film material is supplied in bolts, wound 
under, some nominal tension, there will be relaxation/shrinkage if this 
tension is relaxed during Sail fabrication. At the time when two Sail 
sections are joined, they should have identical potentials for subse- 
quent relaxation (short and long term) , to avoid puckering and distor- 
tion of Sail shape. 

(3) Overstressing 

The Inherent fragility of the ultrathin Sail material calls 
for innovative processes for Sail manufacturing and handling. Tension 
must not be allowed to exceed the yield point at any time, as this 
would cause thinning and result in distortion of thermal balance. 
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affl d b an<1 eleCtrlC81 ° C coatings „ U1 be 

a ow a t 6t ;; tc r ne - ™ ts were re,uired “ . — 

allowable tensile load or stretch. Also required would be a means „ f 
= „g that this load llmU was not exceeded during iabrication or 

(4) ^Mncturlne /C ut tine /Tear-tnyi 

The Sell fi ln material is highly susceptible to rupture 
rom sharp instruments, corners, snags, foreign particles, etc. Posi- 

tZ r f b rr mMaures " ust be appued to eiimiMte such •»««<• 

rom fabrication and packaging environments and to verify physical 
integrity of the finished Sail. * P * 1 

(5) Cleanliness 

to th kt DUri " 8 SaU fabrlCatI °"’ the ma,;erial “111 be fully exposed 
o the ambient atmosphere, including any particulents that are present 

the form of dust, smoke, and volatiles. There will be a tendency 

for these contaminants to deposit on the material surface. The problem 

may be aggravated by electrostatic forces. An evaluation is required 

o etermine the air filtering requirements for the fabrication area. 


ax 


ior ail 


Planning 

hould be to avoid having to clean the Sail surfac this would lead 

o anot er set of problems Including explosion safety, health hazards, 
and Sail surface deterioration. All lubrication systems in the Sail 
assembly area must be non-contaminating. 

< 6 ) Electrostatic Chargin g 


(a) Safety. Fabrication and packaging of the Sail 
presents a problem in industrial electrostatic 
charge control. Classical safety considerations 
would dictate that the entire fabrication area be 
free of flammable dust and vapors, regardless of 
measures taken to dissipate charge cumulations. 

It would be desirable for the techniques used in 
splicing, reinforcement and mending to comply with 
the above rule. Flammable solvents should be 
avoided. 
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(b) F orces . Aside from safety considerations, electro- 
static forces acting on the bare Sail material 
would tend to make it unmanageable during fabri- 
cation, packaging, and deployment. Also, the 

Sail would be contaminated by the attraction of 
airborne particles. 

(c) Breakdown. There is the possibility of potential 
electrical breakdown through the Sail material, 
with unknown long-term effects, possibly from 
repeated breakdown along pre-established paths. 

(d) Remedies. It is not clear that conventional 
industrial static eliminators are the answer to 
this problem. The opportunity for reaccumulation 
throughout the fabrication and packaging processes 
appears formidable. One helpful measure would be 
to maintain high relative humidity, but this con- 
flicts with the requirement for minimizing surface 
chemical degradation. The best solution is to 
make both surfaces of the Sail "conductive" via 
coatings. Then simple provisions can be made to 
avoid charge cumulation. In connection with this 
approach, it is essential to measure t he reduc— 
tion of c onductivity caused by creasing and 
crumpling of candidate coatings . 

(7) Fabricabilitv/Renroducibility 

(a) The Sail design will impose dimensional tolerances 
to assure that the fabricated Sail will fit the 
Interfacing structure. Therefore, answers are 
needed to the following questions: 

1. What Sail dimensional deviations can be 

expected with a given material and fabrica- 
tion process? 
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2. Can the interface design accommodate the 
foregoing deviations, or will it be necessary 
to trim the Sail to size after (or daring) 
fabrication? 

3. How will the problem of Sail thermal 

expansion/contraction be handled with 
respect to: (1) Sail acceptance inspection? 

(2) Sail deployment? 

(b) The huge size and fragility of the Sail pose unpre- 
cedented fabrication problems, hence, fabrication 
concepts should be viewed as tentative and initial 
fabrication efforts as experimental. A crucial 
failure mode associated with Sail manufacture is 
failure to detect and reject a defective product. 
Another serious failure is a fabrication defect 
that cannot be repaired. It is submitted, 
therefore, that prime attention should be given 
to the following items when evaluating Sail fab- 
rication concepts; 

(1) Plans for in-process quality control and end- 
product verification and (2), potential manu- 
facturing defects and associated repair processes. 

(8) Blocking 

Assuming that the Sail is packaged in a tightly compressed 
configuration, either folded or rolled, it is important to account for 
any adhesive effects which accompany unfurling. Such effects may be a 
function of storage time, initial compaction, or vacuum degassing. 

They may also be different for unfurling in vacuum than in air, and may 
depend upon the rate of unfurling and angle of pull. Blocking is also 
discussed in the section on Joining and Handling where a test is pro- 
posed to determine these characteristics. 

(9) Ascent Temperature Profile 

The ascent temperature profile may not pose a threat to the 
Sail. Routine analysis will cover the purely temperature aspects. 
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However, secondary effects to be evaluated Include (1) freezing of 
condensed moisture, (2) congealing of lubricants, and (3) binding 
caused by differential expansion/contraction. Any of these could cause 
deployment failure. 

(10) Ascent Pressure Profile 

The Sail is assumed to be stowed in a compact configuration, 
either folded or rolled. The latter is the proposed method for the 
Heliogyro. It is uncertain how much air or other gas will be trapped 
between layers or in the bonded joints during the stowing process. 

During ascent to space vacuum, any trapped gas will tend to expand, with 
possible damage to the Sail and/or the Sail container. 

Therefore, it will be necessary to devise a test to simulate 
the reaction of the stowed Sail when exposed to vacuum. A vacuum expan- 
sion test should also be made on samples of all bonded joints. Note 
that the container vents must be designed so as not to be obstructed 
by possible expansion of the Sail package. 

If a problem is found, one solution might be to vacuum 
degass the complete Sail. This could be done as a conditioning opera- 
tion to remove as much air ,as possible or as a quality assurange check 
to verify compatibility with the stowage container, or for both 
reasons. Small perforations in the Sail sheet at predetermined inter- 
vals might also be considered as a means for minimizing the potential 
of this problem. 

(11) Coating Susceptibility 

Analysis of Sail performance requires that working limits 
be established for the values of optical and thermal properties of the 
Sail material. This is made difficult by various adverse environments 
which work to alter the initial values. For the period from Sail 
fabrication through deployment, the mo3t critical environments are 
those which threaten the surface coating characteristics, as follows. 
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CRITICAL ENVIRONMENTS 

(a) Exposure during 
fabrication to 
ambient air at 
normal levels of 
contamination 
and humidity. 

(b) Fabrication, 
handling and 
packing, includ- 
ing exposure to 
tools, fixtures, 
containers, 
chemical proc- 
esses, heat 
processes, for- 
eign matter. 

(c) Transportation 
and storage, in- 
cluding jolting 
and vibration in 
folded condition. 
Also, breathing 
caused by diurnal 
temperature 
changes, con- 
stricted ventila- 
tion because of 
tightly-packed 
and/or contained 
condition. 


POTENTIAL DAMAGE TO COATING 

Oxidation, other chemical 
reactions. 


Puncturing, cutting, tearing, 
stretching, v-reasing, wrink- 
ling, cracking, sloughing, 
abrasion, overheating, 
chemical reaction. 


Abrasion, moisture conden- 
sation, fungus growth, 
accelerated chemical 
reactions, sticking or 
blocking. 
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CRITICAL ENVIRONMENTS POTENTIAL DAMAGE TO COATING 

(d) Deployment, Abrasion, stretching, 

Including tensile cracking, debonding, tearing 

and peeling loads 

associated with 

unfolding layered 

stack, and contact 

with structure. 

Unless more is known about the ability of the Sail material 
to withstand these environments, it will be necessary to take extreme 
control measures and then to assume that degradation has been precluded 
or limited to some arbitrary level. This approach tends to be expen- 
sive on the one hand and to lack credibility on the other. Appropriate 
tests would provide indications of the levels of protection required to 
keep the Sail optical-thermal parameters within prescribed limits. 

It was proposed that tests be conducted on the coated Sail 
material to determine changes in optical-thermal properties as a func- 
tion of various treatments, as follows: 

1. Stretching-relaxation, uni- and bi-axial. 

One-shot samples, load increased incrementally. 

2. Creasing-flattening. 

Samples with different crease spacings and representa- 
tive compactions. 

3. Random crumpling - flattening. 

Test with various degrees of compaction and repetition. 

4. Abrasion. 

Test to simulate fabrication processes and transporta- 
tion vibration. 
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5 . Atmospheric exposure . 

Samples in controlled S.L. atmospheres at different 
temperatures and humidities. Test at intervals over an 
extended period. 

6. "Blocking'' effects. 

Samples folded and pressed together to simulate bottom 
layers of stored Sail. Test after an extended period 
in storage environment. Measure sticking tendency as 
well as optical-thermal changes. 

4. A. 1.2 Failure Preventive Action Integration . After a potential 
failure mode had been identified, evaluated, and found to require pre- 
ventive action, there was the task of integrating the requirement into 
the Sail fabrication program. Such action may involve any or all phases 
of the fabrication program. To stress the possible number of places 
where, preventive action might be appropriate, a hypothetical fabrication 
program outline was developed which was useful as a checklist or as 
the basis for a matrix to insure complete integration of preventive 
actions. This hypothetical outline included: design criteria and 

requirements; engineering drawings and specifications; design verifica- 
tion requirements; manufacturing, including procurement, production 
planning and control and quality control; and operations. 

4. 4. 1.3 Space Failure Modes Analysis . The first step in analysing 
space failure modes was to develop a generalized fault tree. 

(Figure 4-23). This provided a picture of the interrelationships 
between failure causes and effects. Failures that include upsec 
thermal balance" as an effect, appear most significant as they boot- 
strap through the system causing further performance degradation. 

A failure interaction matrix was developed. Figure 4-24 
is a reduction of the large working chart where approximately 200 items 
were compared one against the other to record that: 1) a failure mode 

definitely exists, 2) a failure mode possibly exists, 3) a failure mode 
does exist. Arithmetical summaries were made of the in-space failure 
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—23. Generalized Fault Tree Solar Sail Sheet Space Failure Modes 































interaction matrix. It is significant that "synergistic" interactions 
ranked first in a summary of items of positive and probable failure 
interactions. An individual Sail property may be satisfactory at a 
given environmental condition; however, mission success requires all 
properties to be satisfactory over the accumulative mission history. 

The Sail will experience an accumulation of solar radiation, erosion 
and cyclic loading. In addition, wrinkling, solar dust coating, creep, 
and possible warping from static charge will affect Sail shape and 
influence propulsive efficiency and thermal balance. Physical property 
tests, electro-static property tests and optical characteristics tests 
as depicted in Table 4-23 should be made at various significant stages 
of the mission at vacuum ambient pressure and with the appropriate Sail 
temperature and cumulative solar radiation. 


The arithmetical summary was exercised to develop a failure 
interaction "order of significance" of primary subjects. A tabulation 
of the ranked order of significance in the categories; components, 
characteristics, environment, and failure interaction frequency is 
given in Table 4-24. 

A correlation was then begun of the high probability failure 
interaction modes with test data requirements to identify significant 
characteristics. Plans were to obtain the necessary test data and then 
perform analyses to demonstrate that the Sail design could accommodate 
the suspected failure modes and accomplish the mission. 

The aforementioned correlation was performed, resulting in 
several pages of tables giving a rsview of the high probability failure 
modes and interactions with assignments to vaiious technical specialty 
groups such as materials, structures and dynamics, attitude control and 
mission design, to perform either tests and analyses to verify the Sail 
design. These are included in Appendix II. 
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Table 4-24. Failure Interactions Order of Significance 


Sail Sheet Material Failure Interactions 


Components Order of Significance 

1. Film 

2. Bonds 

3. Rip Stops 

4. Reflective Surface 

Characteristics Order of Significance 


1 . 

Contaminants 

14. 

Substrate Bonds 

2. 

Mat'l. Specs. 

15. 

Foldability 

3. 

Aging 

16. 

Polymer Orientation 

4. 

Life-Time Prediction 

17. 

Pin Holes 

5. 

.emp. Characteristics 

18. 

Electrical 

6. 

Processing Specs. 

19. 

Ionization of Sail Mat'l. 

7. 

Tolerances 

20. 

Resistance to U.V. 

8. 

Thermal Expansion 

21. 

Optical 

9. 

Strength 

22. 

Coating Interactions 

10. 

Uniformity 

23. 

Pigmentation 

11. 

Bend Radius 

24. 

Reproducibility 

12. 

Attractive Forces 

25. 

Mass 

13. 

Coating Thickness 



Environment Order of Significance 



•i. 

Thermal 

•11. 

Trajectory 

o2. 

Sail Loading 

xl2. 

Launch Loads 

o3. 

Shape 

ol3. 

Center of Pressure 

o4. 

Re«-f ing 

ol4. 

Vibrations 

•5. 

Space Vacuum 

•15. 

X-Ray 

•6. 

Electrical Charge 

ol6. 

Solar Wind 

o7. 

Reorientation 

•17. 

Micrometeoroids 

•8. 

Occultatlons 

•18. 

Cosine Angle (Sun) 

o9. 

RCS Dynamics 

xl9. 

Condensation on Surfaces 

•10. 

Photons 

x20. 

Human Handling 




r 

!' 
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Table 4-24. Failure Interactions Order of Significance (Continuation 1) 
Environment Order of Significance (Cont .) 

NOTE 

• = space environment 

o = space loads environment 

x ■ latent ground & launch environment 

Failure Interaction Frequency 


1. 

Puncture 

6. 

Surface Erosion 

2. 

Coating Failure Leading 
to Base Failure 

7. 

Cross linking 

3. 

Debonding 

8. 

Depolymerization 

4. 

Cratering 

9. 

Desorption 

5. 

Dust (Solar Coating) 




4.4.2 Long-Term Service Projections from Predictive Tests and 

Analyses 

4. 4. 2.1 Evaluation Methodology . The properties of materials in 
general , and polymers in particular are manifestations of their chemical 
state and morphological states. The chemical state and morphological 
state may change as a result of aging and the changes will be reflected 
changes in properties. Thus, the rates of chemical changes and morpho- 
logical changes provide the basic guidelines for service life prediction, 
even though the correlation between structures and properties may not 
be linear. 


As a- result, the properties of the materials may show syste- 
matic deterioration. Since it is essential that the selected materials 
apd the fabricated Sail have a very small rate of performance degrada- 
tion in space to assure mission success, an effort was directed towards 
analyzing available test data of the Solar Sail materials. This data 
had been published in the literature or generated from the test pro- 
grams performed specifically for the film, coatings, or bond joints that 
were conducted to evaluate service life in the anticipated space 
environment. 
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The Solar Sail materials* may degrade as they are exposed to 
various individual and combined stresses such as: 

(1) Thermal 

(2) Mechanical 

(3) Environmental, e.g., UV, ionizing radiation, 

contamination. 


Most of the parametric tests that were conducted were made 
to enable performance characterization rather than long-term prediction. 
Thus, in this portion of the Sail performance evaluation, predictive 
models were formulated based on chemical-physical theories. The pre- 
dictive models also provide a basis for accelerated test program design. 
The plan was to check the validity of the model through comparison with 
actual test results and subsequent modification where appropriate. The 
verified models were then to be used as a basis for materials evaluation 
and selection. 

Chemical degradation rate served as the basis for service 
• life prediction and for formulation of predictive models for the basic 
film. For Kapton and other high temperature polymers selected as the 
most viable candidates, information about morphological changes is 
almost nonexistent and as a result these effects on the service life 
were not taken into account. Formation of paracrystalline structure 
accompanying improved tensile strength has been reported for polyimide 
annealed at temperature ranges of 150-400° C * . Therefore, it is 
expected that morphological changes of the basic film caused by thermal 
annealing in space may improve the mechanical properties. The morpho- 
logical changes may cause slight changes of the Sail dimensions but 
these can be easily accommodated by minor design modification such as 
the use of springs between tendon and Sail sheet on the blade panels 
of the Heliogyro. 

The adhesive joint service life prediction requires quanti- 
tative knowledge of aging, of interfacial chemistry, and viscoelastic 
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properties of the adhesive as well as changes in the fracture mechanics 

of the adhesive joint caused by aging . Since this quantative aging 

information was not available, a predictive model was adopted for the 

predictive testing design. This model has been shown to give reasonably 

4 

good life prediction for five structural adhesives . 

Initially, only the effects of thermal stress and high 
vacuum on aging were considered in preparing the models. Since the esti- 
mated stress level of the Sail is only 3000 psi during handling and 
considerably less (M).5 psi) during flight, the effect of stress on 
aging is expected to be negligible. UV and ionizing particles are 
detrimental to the bare polymer films but these effects are negated 
through proper adjustment of the metal coating thicknesses. 

4 . 4 . 2 . 2 Basic Film Predictions . 

(1) Thermal Degradation of Kapton 

Polypyromellitimide (Kapton) will be thermally degraded at 
elevated temperature. Different reaction mechanisms accompanying dif- 
ferent degradation rates will occur at various temperature ranges. 
Pyrolytic studies^ and mass-spectrometric studies^ of the thermal 
degradation of Kapton in vacuum and in inert gas (helium and nitrogen) 
environment have concluded that the major mechanisms are: 

(a) Hydrolysis of amide groups (due to incomplete 
cyclization) , 

(b) Decomposition of isoimide groups, and 

(c) Decomposition of imide groups 

Activation energies and frequency factors for the reactions are sum- 
marized in Table 4-25 and Table 4-26 presents the proposed degradation 
mechanisms. The extent of degradation of Kapton due to the latter two 
mechanisms at 250°C, in two years, will be negligible and only the 
hydrolytic breakdown will cause severe degradation of Kapton. How- 
ever, the hydrolytic degradation may be reduced by heating Kapton film 
at elevated temperature in inert gas or under vacuum to remove the 
absorbed water and to maximize imidization of the uncyclized amide units. 
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Table 4-25. Thermal Degradation of Kapton H-Film 


Chemical Degradation 

Frequency 
Factor 
(sec. "-) 

Activation 

Energy 

(kcal/mole) 

Reference 

Thermal Breakdown of 
imide groups in Kapton 
under vacuum (400-822°C) 

1015.9 

69.3 

5 

Thermal Breakdown of 
isriiulde groups in 
Kapton under vacuum 
(below 500<>C) 

10 11 

47.9 

5 

Thermal Degradation of 
Kapton H-Film in 
nitrogen (426-510°C) 

- 

62+9 

6 

Hydrolysis of Amide 
Group at 150-160°C 

- 

10-20 

7 


The cyclization Is very slow at temperatures below 150°C. At higher 
temperature, the cyclization is characterized by an initial rapid reac- 
tion followed by a slower cyclization process 8 . It has been reported 
that heating Kapton film at 250°C under high vacuum for one hour resulted 
in almost complete cyclizction 7 . Thus, by preheating the Kapton film 
at temperatures in the range of 300 to 350°C under vacuum for a few 
minutes, may stabilize the film to the extent that thermal degradation 
at 250°C for two years is negligible. 


The degradation reactions appear to be the first-order 
reactions . Consequently the degradation kinetic equation may be 
expressed as^. 


dWi 

dt 


Ai e - AH i /RT Wi 


( 1 ) 


where Wi - weight fraction of species i, Ai = frequency factor, AH^ = 
activation energy, R = gas constant and T ■ absolute temperature. From 
equation 1 one obtains 



i 


Wjlt) 

Wi(o) 


( 2 ) 


Table 4-26. Proposed Degradation Mechanisms 


(a) MECHANISM OE THERMAL DEGRADATION OF IMIDE GROUPS IN H-FIIM 



(b) THERMAL DEGRADATION OF ISOIMIDE IN H-FILM 

R 

O N 

\A 11 

|N — 4r N j| / ^'— 0-*C0, - POLYMER RESIDUE 

/\y >\y 

II * 


and 


W(t) - &i(t) - £wi(o)e“ t/T i 


(3) 


where 


1 AH, /RT 
i A e 1 


(A) 


Wi(o) and W^(t) are the initial weight fraction of i species at time 
zero and time t respectively. W(t) is the weight fraction cf the sample 
at time t. Equation 3 resembles the equations used to represent the 
viscoelastic properties of polymers and, consequently, time-temperature 
superposition should also be applicable in this case. 
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Figure 4-25 shows the superimposed curve using the 
isothermal weight loss data of Kapton reported by Heaccck and Beer^; 
520°C was chosen as reference temperature. The shift factor (a) follows 
the Arrhenius equation and gives an activation energy of 57.6 Kcal/mole, 
as shown in Figure 4—26, which is between the activation energy of 
isoimide decomposition and that of imide decomposition (see Table 4-25). 
This is probably due to the fact that, although decomposition of imide 
groups is the dominating mechanism at this temperature range, decom- 
position of isoimide still makes some contribution to the isothermal 
weight loss and thus the activation energy obtained is in between. 


Using the time-temperature superposition principle one 
could estimate the amount of weight loss at 250°C in two years from 
the data in Figure 4-25. The amount is nearly zero. 

NASA-Ames Research Center reported an activation energy of 
49 — 50 kcal/mole of thermal degradation of Kapton in vacuum at 300- 
400°C temperature range from measurements of the optical density of the 

o IQ 

film at 6000A wavelength . Judging from the magnitude of the activa- 
tion energy and the temperature range of decomposition, it appears 
likely that this is due to the decomposition of isoimide groups. 


. X. 


•? — :i 






I 



Tests carried out at JPL reported substantial weight loss 
of Kapton (0.049% in 4 hours at 250°C and 0.27% in 18 hours at 300°C 11 . 
This probably is due to the fact that these samples had not been given 
sufficient heat treatment (annealing) to remove the trapped H 2 0, C0 2 
and solvent or other organic compounds. Also as mentioned earlier, 
annealing tends to make imidization more complete and thus eliminates 
the weak sites for possible decomposition, e.g. hydrolysis, to occur at 
low temperature. 

Based on these analyses, Kapton appears to have the thermal 
stability required for the Solar Sail mission. However, a thermal 
annealing treatment of the Kapton film prior to Sail fabrication may be 
necessary to prevent hydrolytic breakdown. 
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4-25. Isothermal Weight Loss 
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Figure 4-26. Graph of the Shift Factor InA, vs. Temp 

(2) Effects of Thermal Aging on Mechanical Properties of 
Kapton 

Deterioration of mechanical properties as a consequence of 

thermal aging can be represented by the Arrhenius equation, as shown 

12 

in Figure 4-27a and 4-27b . Tne kinetic parameters of deterioration 

12-13 

are summarized in Table 4-26 . One may note that the activation 

energy for samples with thermal treatment before aging is between those 

of imide breakdown and isoimide decomposition and close to that from 

isothermal weight loss measurement, while for samples without the heat 

13 

treatment the activation energy is very close to that reported for 
hydrolysis of amide groups^. This seems to indicate a close correla- 
tion between chemical degradation and mechanical properties deteriora- 
tion. Using the kinetic data presented in Table 4-26, the tensile 
strength and the ultimate elongation of Kapton aged at 250°C are calcu- 
lated as a function of aging time, as shown in Figures 4-28, 4-29 and 
4-30. 


4-105 





ELONGATION (X 10") 
39, t Kcol, 


Figure 


Figure 4 



TIME IN WEEKS 

-27b. Arr'ienius plot of physical property deterioration. 
Again a linear relationship is obtained. 
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Table 4-26. Property Deterioration Rate Parameters In Helium 



Property 

P 

o 

AE 

K , 
cal 

KlOO 

1/hr 

A) 

Sample Outgassed at Elevated Temperature Before Aging 


Elongation (%) 

70 

55.4 + 1.7 

0.0050 


Impact Strength 





(kg-cm/mil) 

6 

51.1 + 2.7 

0.0029 


Tensile (psi/1000) 

23 

55.5 + 1.3 

0.0019 

B) 

Sample Not Outgassed Before Aging 



Tensile Strength 


17 + 4 



and -Elongation 





From these results. 

one may 

conclude that at 

250°C in two 

years, 

Kapton will not have detectable deterioration of its mechanical 


properties, a conclusion in agreement with chemical degradation results. 

Creep, Thermal Expansion Coefficient and Thermal 
Shrinkage of Kapton 

It appears that morphological changes of Kapton due to 
thermal aging may be the factors which will affect long term creep, 
thermal expansion and thermal shrinkage (shrinkage occurs at constant 
temperature), because chemical degradation is expected to be negligible. 
Data on rate of morphological changes of Kapton are not available pre- 
sently. However, the morphology of the Sail film materials may be 
stabilized by proper thermal treatment. 


Long term creep of Kapton H film under a load of 10 psi at 
250 J was calculated from stress relaxation data reported by Shen et. 

al. , and is shown in Figure 4-31. The approximate equation proposed 
by Leaderman^. 


D(t) 

* (sin mO/mi E(t) 

(5) 

m 

_ d log E(t) 
d log t 

(6) 

' (t) 

3 ' o 0(t) 

(7) 
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TENSILE STRENGTH 



Figure 4-28. Tensile Strength vs. Time for Kapton in. He 

was used for the calculation, where D(t) = tensile creep compliance, 

E(t) = relaxation modulus, o q = applied stress and i:(t) creep. The 
experimental data, which were measured under a load of 50 to 200 psi, 
were converted to 10 psi. The experimental data, after the conversions, 
were further multiplied by a factor of 4.3 to take into account the 
fact that the Young’s Modulus reported in reference 16 is higher than 
that reported in reference 14 by a factor of 4.3. 

The samples were annealed at 300°C for a week in high 
vacuum prior to the experiment. Agreement of the experimental data and 
the calculated values is reasonably good. The large scatter of the 
experimental data is believed due to thermal fluctuation of the sample 
chamber and ground vibration. 



T 


IMPACT STRENGTH vs. TIME 
{TAKEN FROM HEACOCK & 6ERR, 1965) 


T A = AGING TEMPERATURE 
A Q 

TEST TEMPERATURE = 23°C 


TIME, hrs 


Figure 4-29. Impact Strength vs. Time for Kapton in He 

To check the predicted creep at times inaccessible to 
experiments at 250°C, creep measurements at higher temperature were 
performed. Figure 4-32 presents predicted creep at various tempera- 
tures and experimental values at 30C°C and 45°C. Again, agreement is 
fairly good. 


Table 4-27 summarizes the dimensional change of basic film 
due to creep, thermal expansion and thermal shrinkage. Long term ther 
mal shrinkage of Kapton is not known. The creep is calculated with an 
assumed load of 50 psi, which was the estimated maximum loaa on the 
square Sail configuration. The actual load during the cranking orbit 
was estimated to be even less. 





2 




ELONGATION v*. TIME 
FROM HEACOCK i RERR (1*5) 


v 
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T a - AGING TEMPERATURE 
TEST TEMPERATURE = 23°C 
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I l/VTw, nr* 

Figure 4-30. Elongation vs. Time for Kapton in 


— CALCULATED FROM NBS REPORT 

□ EXPERIMENTAL DATA FROM JPL 

(NORMALIZED TO 10p»i AND CORRECTED 
TO INCLUDE INTIAL ELONGATION AND 
TO ACCOUNT FOR DIFFERENCES IN THE 
JPL-MEASURED AND NBS-MEASURED 
MODULUS) 


Figure 4-31. Extrapolation of Creep vs Time for Kapton at 250°C 





Creep @ 59 psi* 
at 250°C in two 
years. 


Thermal Expansion 
(from -lOQQ to 250°C) 


Thermal Shrinkage 
(in N 2 at 264°C for 
three days) 


3.3 x 10 in/in 1.02 x 10 -2 in/in -3.3 x 10“^ in/in** 

(2.9 x IQ -5 oc-1) 


^calculated value 

**S.D. Hong, Solar Sail Monthly Report, July 1977 
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(4) genslle Strength of Kapto n as a Function of Mis sion 
Time 

From the discussion and data in the portion on the effects 
of thermal aging on the mechanical properties „f Kapton, one may express 
the tensile strength of basic film during the mission as 


o o ( T .t 0 )h' Kt o 


( 8 ) 


-AH/RT 

K Ae » and t Q * mission time. Since the temperature during 

the mission is estimated to be below 250°C, and the Sail is expected to 
be exposed to the high temperature for about two years, as shown by 
Figure 4-32, using the kinetic parameters in Table 4-26, one has 


So a a 0 ( T , t Q ). The tensile strength may increase due to annealing. 
In general the tensile strength of glassy polymers is found to linearly 
depend on temperature, as shown in Figure 4-33. From Figures 4-32 and 
4-33, the tensile strength of Kapton film as a function of mission was 
calculated, as shown in Figure 4-34. in calculating Figure 4-34, yield 
strength instead of breaking strength was used. The target requirement 
of 4000 psi and 50 psi were estimated values during ground handling 

and during cranking around the sun. One can see that the safety margin 
is about 160. 


4. 4. 2. 3 Adhesive Joint 

(!) Model for Lifetime Prediction 

The performance of adhesive joints is a complex function of 
bonding chemistry in the interface, viscoelastic properties of the 
adhesive and fracture mechanics of the adhesive joint. A detailed 
analysis of fracture mechanisms in an adhesive joint for lifetime 
prediction under some specified service conditions require quantitative 
knowledge of the relevant chemical, physical and mechanical factors 
previously cited. Since these detailed elements of quantitative know- 
ledge are not available, a modified Prot model was used for proof 
testing. 
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YIELD STRENGTH vs. TEMP 
FOR KAPTON 

O FROM DuPONT 
BULLETIN H-2 
• FROM NBS REPORT 


O (YIELD STRESS FROM 
INTERSECTION) 

6 “ □ STRESS AT BREAK 


100 200 300 400 500 600 70CT J 80b 

TEMP., °K 


Figure 4-33. Yield Strength vs. Temperature for Kapton 

According to this modified Prot accelerated test scheme, ^ 
the time to break, t^, of a structural joint under stress, S^, may be 
given by 


(S b -2EL) 


K ■ material constant 


EL “ endurance limit 


= applied shear stress 
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Recently, Lewis, Kinmonch, and Kreahling* applied the modi- 
fied Prot model to test five types of structural adhesive joints 
(adhesive on aluminum substrate). They found that, within statistical 
scattering, the ratio of EL and lap shear strength (designated hereafter 
as LSS) is a constant independent of temperature, geometry and modulus 
of the bulk adhesive. Their results from long-term tests (up to 36,000 
hours) have reasonably good agreement with the prediction from short- 
term accelerated load tests. Thus, despite theoretical short-comings, 
the method seems to be a reasonable model for predicting the lifetime of 
an adhesive joint. 

Because of time limitations, it was not possible to restruc- 
ture the instrument to measure the endurance limit of the adhesive 
joint. Thus, we will assume that the ratio of endurance limit and lap 
shear strength (LSS) of the adhesive joint is the same value as recom- 
mended by other investigators. 

EL/LSS = 0.25 (H) 

The value of this ratio may change as a result of aging of the adhesive 
joint. This will have to be determined experimentally. However, we 
will assume for the NR-150B2G adhesive joint, the one selected as the 
"benchmark" design for the Solar Sail, that the ratio of endurance 
limit and lap shear strength does not change due to aging. Combining 
Eqs. 10 and 11, one obtains: 


t b 2S b -I.SS 

Eq. 12 implies that, if the lap shear strength of adhesive joint (LSS), 
remains higher than 2S b , the adhesive joint will never fail. The cri- 
terion of LSS larger than 2S b will be used as a measure of service life 
of the adhesive joint. 

(2) Analysis o f Test Resul ts 

The predicted shear strength of adhesive joint as a func- 
tion of mission time is shown ir Figure 4-35. The prediction was 


4-115 


2-0 C 



4-116 


•35. Predicted Shear Strength of Adhesive Joint vs. Tir>e 






720-9 


calculated using the degradation rates of the accelerated aging tests 
presented in the section of this report on joining and handling with 
the following assumptions: 

(a) No degradation occurs at temperatures below 
220°C (there are no data available to assess 
degradation at lower temperature) 

(b) Temperature dependence of the shear strength 
of an adhesive joint is linear. 

(c) The degradation rate follows the Arrhenius 
equation. 

The shear strength of the adhesive joint at temperatures other than 
250°C and -60°C was obtained by interpolation. Because of the limited 
amount of test data available, there is great uncertainty in the magni- 
tudes of the calculated degradation rates. Thus the predicted shear 
strength of the adhesive joint that is shown in Figure 4-35 should be 

considered to be tentative. The target properties represent 2S, (see 
£ 

eq. 12), where is estimated to be 3000 psi during ground handling 
and 10 psi during the cranking orbit. 

Figure 4-36 shows the degradation rates for adhesive joints 
that were aged at 240, 270 and 305°C. It is apparent from this data 
that samples aged at the higher temperatures have the lower degradation 
rates. This is just the opposite to what one would expect for thermal 
degradation behavior. 

The shear strength of the adhesive joint may be affected by: 

(a) Chemical changes in the interface and in the bulk of 
the adhesive, 

(b) Development of weak bond layer, and 

(c) Transcrystalline structure in the interface. 

Since no morphological studies were made of the interface for the 
polyimide, the effects of a weak bond layer and a transcrystalline 
structure on the long-term shear strength of the adhesive joint are not 
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X V 

Figure 4-36. Adhesive Joint Degradation 
; Rates at Three Temperatures 

certain. On the other hand, the chemical characteristics of the inter- 
face may be affected by the presence of solvents and the degree or 
V extent of curing. It is generally well known that strong solvents can 

deteriorate inte.-facial bonding while extended post curing enhances 
Vr bonding. It is speculated that the apparent abnormal degradation 

behavior observed for the aged adhesive joints may be attributed to 
^ : the combined effects of curing, degradation and the presence of the 

solvent N-me thy lpyrol idone in the interface. The boiling point of 
n-methylpyrolidone is 202°C. When it is mixed with NR150-B2G adhesive, 
the boiling point is expected to be higher than 202°C (probably close 
to or even higher than 240°C) . Consequently, the amount of solvent left 
in the adhesive (and the interface) will be increased for samples aged 
, ■ at lower temperatures. Furthermore, the samples aged at the higher 

temperatures probably received better curing in the relatively short 
aging period. This may explain the lower degradation rate for the 
samples aged at the hi *r temperatures. 
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4.4.3 Space Effects Testing 

Simulated space environment testing was generally performed 
only on the prime Sail film candidate materials* either uncoated (for 
worst case purposes, e.g. to simulate areas where coatings are absent via 
cracking, peeling, etc.) or coated with the "benchmark" metallizations 
(aluminum and chromium). Testing was performed in various areas to 
determine the effects of: 

(1) thermal degradation 

(2) ultraviolet radiation 

(3) gamma and neutron radiation 

(4) combined particle and ultraviolet radiation 

(5) electrostatic charging 

Additionally, computer simulations were performed of the 
absorbed nuclear radiation dose over the mission. 

In the conduct of the tests, there were cases where specimen 
size detrimentally influenced the test results. For example in the 
series of tests at Boeing to establish the effects of UV and proton 
radiation on "free standing" metallized films, the thin, narrow, test 
strips tended to curl and twist in the radiation beam. This severely 
impacted the thermal balance of the specimens and greatly accelerated 
the thermal degradation. Long narrow strips resulted from an attempt 
to maximize the number of test conditions-(combinations of film types 
and coatings). The available sample area exposed in the special test 
chamber was limited. It was concluded that in future tests, the film 
samples should be larger' in dimension and possibly be framed. A major 
problem faced in the Sail program was the extremely short time limit for 
obtaining data, which may have preempted sound experimental procedures. 

Kapton, the primary candidate for the Solar Sail basic film, 
is thermally stable in vacuum to temperatures in excess of 500°C, hut 
does undergo some thermal darkening near 400°C and up. These temperatures 
are much higher than the expected highest Sail temperature of near 2h()°C 
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where the temperature control coatings are employed. Despite its excel- 
lent thermal stability, Kapton has been experimentally observed at both 
JPL and NASA-ARC to be readily degradable by solar UV at temperatures 
above 260°C. Exposure of the bare film in vacuum to 11 suns of UV while 
trying to control the specimens at 260 to 300°C resulted in film black- 
ening and bum-through in less than 1 day.* Darkening also occurs at 1 
sun, but the rate is much slower. Thus, for the Solar Sail application, 
Kapton must be protected from solar UV, e.g., by the reflective coating: 
tentatively selected as approximately 1000A of aluminum. Later testing 
indicated that an increase to 1100 to 1200A might be required to achieve 
UV opacity. Exposure of coated films to UV and particulate radiation 
under controlled and known temperature conditions at JPL and NASA-MSFC 
have not identified a problem area. (Exposure testing at Boeing and 
Brookhaven was plagued with thermal runaway preventing the drawing of 
any conclusions). 


To raise the backside emittance and aid electrostatic charge 
dissipation, coatings are applied; MOOA of chromium or VL000A or Indium- 
Tin Oxide (ITO) are the most promising. It is uncertain whether chrome 
at 100A can provide adequate radiation shielding for the Kapton film. 

ITO deposited by vacuum deposition techniques yields conductive coatings, 
but ion-plated (Endurex) ITO coatings are occasionally insulating. It 
is believed that the conductivity of this coating is strongly related to 
the proper mix of the oxygen with the tin and the indium. - 

**^* 3,1 Thermal Degradation . Preliminary tests for thermal degrada- 
tion of he Sail film materials were performed on the two final candidate 
basic film polymers: Kapton H and C-G B100. These tests consisted of 

weight loss measurements with subsequent analysis of the cff gassing 
products during thermal aging and determination of water absorption rates. 
Groups of cleaned and degassed bare film samples were placed in 


* 

Later analysis attributed this apparent carbonizing of the films to c 
thermal runaway" condition.. It was noted that in some locations on 
the samples where there was lack of good thermal contact between them 
and the copper heat dissipation block, burn spots or gathered areas 
appeared which darkened preferentially in the solar radiation, changing 
their absorptive properties in the process, thus leading to even higher 
temperatures and eventual carbonizing and bum-through. 
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vacuum-sealed glass containers for the thermal aging. Analysis of the 
gasses evolved was accomplished using standard mass spectrographic tech- 
niques. The results of this initial series of tests are summarized in 
Table 4-28. 


Thermogravimetric analysis (TGA) was also performed at 
NASA-ARC on Kapton at a heating rate of 10°C/Min, in a nitrogen atmos- 
phere. The Kapton film showed no initial weight loss until 470°C with 
the onset of significant degradation beginning at 570°C. Figure 4-37 
shows literature TGA curves for Kapton heated in both air and under a 
vacuum of 10~& torr, indicating the onset of thermal degradation in air 
at about 450°C and in vacuum at about 550°C. The latter vacuum result 
essentia 1 ly duplicates that of the NASA-ARC determination under nitrogen. 

In non-oxidizing environments, Kapton is apparently stable 
to temperatures up to 470°C, well above the highest expected Sail film 
temperature of near 260°C. Above 400°C, Kapton is observed to darken. 
This was investigated at NASA-ARC with samples of Kapton heated in vacuum 
at temperatures ranging from 400°C to 600°C. After exposure to high tem- 
perature for a period of 10 minutes, the optical density at 750 nm and at 
510 nm of the samples was measured in a double beam spectrophotometer 
with a sample of virgin Kapton in the reference beam. The electron spin 
density was also measured. These quantities were plotted versus reci- 
procal temperature (see attached Figure 4-38) . The activation energy is 
similar for both the darkening of the samples and the production of 
unpaired electron spins. This suggests that the darkening which occurs 
when Kapton is heated results in, or is accompanied by, the simultaneous 
production of a free radical. 

Subsequently, a detailed test plan was developed at JPL for 
more lengthy and thorough diagnostic testing in which a series of coated 
and uncoated Kapton and B100 film samples, placed in vacuum sealed glass 
containers, were exposed at various temperatures for varying lengths of 
time. The Kapton had been directly manufactured by duPont to a thickness 
of 0.12-0.16 mils. The B100 had been directly manufactured to a thick- 
ness of approximately 0.13 mils by Schweitzer. The test matrix included 
exposure times of 3, 6. 14 and 28 days at temperatures of 240, 270 and 


Table 4-28. Results of Preliminary Weight Loss and Water Absorption 
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a. Programmed TGA curves in static air and in vacuo for an experimental 
polyimide nominal bar thickness 0.9-mil. Final cure was 350°C for 
1 hour in air. Sample source Dr. Vernon L. Bell, NASA, Langley 
Research Center. 



b. Programmed TGA curves in static air and in vacuo for a polyimide 
ether. The thermogram displayed in broken lines was taken with a 
nominal 0.9-mil film made in this laboratory. It had a final cure 
of 1 hour at 300°C. The 0.9-mil Kapton film is from the E.I. duPont 
de Nemours Company. The difference in the two air thermograms 
illustrates the improvement that can be made in a new polymer when 
large-scale processing and curing techniques are used. 

Figure 4-37. TGA Curves for Kapton Heated in Air and in Vacuo. 


4-124 


IN (OPTICAL DENSITY) 


+ 2.0 


+ 1.0 



Figure 4-38. Thermally-Induced Darkening of Kapton Film. 

, n i. films were removed from the containers 

305°C. After exposure, the sample rums 

and subjected to the following types of testing: 


(1) Weight Loss 

(2) Dimensional Changes 

(3) Evolved gas pressure and its mass spectra 

(4) Fourier Transformation Infrared Transmission Spectro- 
scopy (FT-IR) 

(5) Dichroism 
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(6) Mechanical Properties 

(a) dynamic tensile modulus at 25 °C 

(b) static tensile modulus at 250°C 

(c) ultimate tensile at 250°C 

(d) elongation at yield at 250°C 

(e) tear initiation strength at 250°C 

The data from this series of tests were examined and the 
results were as follows. After thermal aging at 240°C, there was a 
gradual improvement of the majority of the properties for both the Kapton 
and the B100 films. There were small dimensional changes (M).2% shrink- 
age) and slow gradual weight loss. Thermal aging at 270°C resulted in 
even more improvement in the properties than was observed at 240°C. The 
dimensional change was M).5% for the Kapton at the end of 28 days, 
accompanied by a gradual weight loss. The B100 results at 270°C were 
similar to the Kapton except the dimensional change was 0.6% at the end 
of 28 days. At 305° aging, there was a gradual deterioration of the 
Kapton properties (except static tensile modulus) . The dimensional 
change was ^1% with a slow, continuous weight loss (^5.6% at the end 
of 28 days. For the B100, aged at 305°C, there was improvement in some 
properties and deterioration in others (notably tear initiation and 
static tensile modulus). The dimensional change was %1.5% at 28 days. 
This was accompanied by a slow, continuous weight loss of %3% at 
28 days. In examining this data, it is very important to note that 
the property comparisons were against the initial room temperature 
properties for a particular film. The initial properties of the Kapton 
film were superior to those of B100 and even in cases where there was 
noted improvement of B100 properties, these properties did not exceed 
those of the Kapton. These observations concluded that in terms of 
resistance of uncoated film to thermal degradation at 250°C, that the 
Kapton was clearly superior to the B100. At 270*C, the Kapton was 
clearly superior to the B100. At 270°C both films appeared to perform 
well within the B100 improving, apparently through cross-linking after 
10 days of exposure. Up to and including 270°C, both films satisfied 
the target requirements. At 305°C, deterioration of properties begins 
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with the Kapton (with a higher glass transition temperature) demon- 
strating superior performance. 

The thermal aging tests on the metallized film samples were 
not as conclusive. There was only a limited amount of metallized, 
directly manufactured thin gage Kapton available for test and also (as 
noted previously) the narrow metallized film specimens of both materials 
curled severely during test precluding the conduct of many of the 
mechanical tests. The following comments apply to the thermal degrada- 
tion testing of these metallized films; 

(1) the evolution of gas as evidenced by weight loss 
appeared greater than for bare film 

(2) the dimensional changes* were more pronounced, espe- 
cially for the B100 where it was approximately 2.6%. 

(3) the mechanical properties (where measurements could be 
made) were very similar to the bare films 

4.4. 3. 2 Ultraviolet Radiation. Samples of 2.5 Mm (0.1 mil) Kapton, 

-7 -9 

under a continuously pumped vacuum of 10 to 10 Torr, were exposed 
to 16 suns of UV radiation at a nominal temperature of 250°C. These 
bare Kapton samples blackened and burned through within 4 hours of 
exposure. Temperature was monitored from the change in resistance of 
a thin metallic strip deposited on the backside of the films. 

The experiment was repeated with benchmark metallized Kapton 
film, irradiating the aluminized side. After 120 hours of continuous 
exposure at 280°C, no visible damage occurred to the film. Modulus and 
loss tangent measurements were carried out and compared with controls. 
There was no detectable change in film modulus, but there was a slight 
increase in loss tangent observed for the exposed film which suggested a 
decrease in the metallized band strength. The electrical resistivities 
of the metal coatings underwent no significant change during the exposure. 

*The dimensional instability of the B100 is believed to be related to 
the uniaxial stretching it received during its fabrication. This 
problem may be alleviated by an annealing operation. 
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4 * 4,3 * 3 Combined Particle and Ultraviole t. Testing was conducted at 
the Boeing Aerospace Company (under contract to JPL) to expose selected 
samples of coated and uncoated Solar Sail film candidate materials to 
combined ultraviolet and proton radiation. Uncoated film samples were 
initially exposed to 11 suns and 1.3 Kev protons at a rate of 3 x 10^ 
protons per cm -second. The tests were designed such that the temperature 
for the uncoated films was to be controlled at 300°C. The coated films 
were to be exposed to a proportionally increased 16 solar winds proton 
flux and the solar UV was increased to 16 suns, and the planned tempera- 
ture was to be decreased to 260°C. The reasons for this were as follows. 
When the Boeing tests were started on the uncoated films, the initial 
Sail trajectory was scheduled for ^0.33 AU, which corresponds to nearly 
11 suns, and the Sail film system temperature was estimated at about 
300 C. After the uncoated film testing was started, but before the 
coated film testing, the Sail trajectory was changed to 0.25 AU, which 


Table 4-29. Photothermal Effects in Etched Ka pton 3 
Sample Treatment * 5,c Absorbtance of 730 ntn 


Alkali-Etched 330 hr @ 350°C 0 

330 hr @ 350°C + UV 0.028 

357 hr I? 363°C 0 

357 hr @ 363°C + UV 0.033 

344 hr @ <50°C + UV 0.031 

3 hr @ 470°C e 0.32 

Plasma-Etched 330 hr @ 350°C 0 

330 hr @ 350C + UV 0.011 

357 hr <a 363°C 0 

357 hr @ 363°C + UV 0.029 


Etched to \-2.5 pm (0.1 mil) thickness from 25 pm starting material 
Indicated temperatures are those of top of hot plate, except where 


C L'V signifies ultraviolet equivalent of 1 Sun 
Relative to absorbtance at 750 nm for control 

e 

Actual temperature in immersion cell 
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corresponds to nearly 16 suns. The revised Sail temperature estimates 
were lowered to 260°C however, because of the demonstration of a lower 
equilibrium temperature for the Sail film system with the use of an 
emittance increasing chromium coating on the back-side of the film. 

The specialized combined radiation effects test chamber 
(CRETC) facilities at the Boeing Radiation Effects Laboratory (BREL) were 
modified to meet the test requirements. An "In Situ Mechanical Property 
Test Apparatus" was designed and fabricated to fit the CRETC II sample 
exposure chamber so that polymer test samples would face the incoming, 
combined beams from existing radiation sources placed around the CRETC II. 
This sample apparatus is shown in Figure 4-39 before integration with the 
CRETC II vacuum chamber. 

Uncoated Film Experiments 

The purpose of exposive uncoated films was to determine the 
effects of the combination of t!V, proton and elevated temperature on 
unprotected film, in the event there were areas in the Sail where metal- 
lization might be missing because of problems (cracks, creases, etc.) 
associated with stowage and deployment. This represented a worst case 
analysis. 

Test Procedures 

Test strips of polyimide films were "draped" over temperature 
controlled, copper cylindrical sections (heated to and controlled at 
300°C) and weighted with 'vl-gram masses, resulting in ''400-psi loading 
throughout an initially scheduled 65-day irradiation period. Table 4-30 
lists the eight materials that were exposed during the tests. Relatively 
small changes in sample length could be documented using photographs of 
the weights' positions as a function of time. Simultaneously, the irradi- 
ated sample faces would be photographed to document changes in appearance. 

The test plan intended to expose separate samples oi each ol 
the materials in Table 4-30 for four time periods, 1, 14, 30, and 65 days, 
followed by chemical testing using Electron Scanning for Chemical Analysis 
(ESCA) and dynamic mechanical testing on a Rheovibron v iscoelastomet er to 
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Figure 4-39. In S_i_l_u Meehan i cn 1 Property Test Apparatus 
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determine the elastic modulus values. The ESCA and Rheovibron test 
specimens were prepared and mounted on the copper fixture specially 
built by Boeing for this test. 

Sixteen "strip" samples were loaded by means of attached 
weights at their lower ends and 16 smaller ESCA test samples were placed 
in intermediate rows in the test fixture for exposure. Figure 4-40 is a 
closeup photo showing all four rows of specimens, for a total of 32 test 
samples. 

The basic plan involved shielding the top two rows of samples 
during the first 13 days of proton and "UV" exposure and then raising the 
shield for an additional day of exposure. The movable shield is shown 
open or up at the top of Figure 4-39. Thus, the top two rows of 
samples were exposed for one day and the bottom two rows received up to 
14 days of irradiation. Because of the extensive degradation which 
occurred in the 14 day test period, tests planned for 30 and 65 days 
were cancelled. 
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Interior to the Boeing test facility, a Spectrolab Spectro- 
sun X-25 simulator was modified to produce 11-sun (electromagnetic radi- 
ation, including the solar UV continuum ('^0.25 to 0,40 micrometers, or 
5 to 3 eV) from the simulator’s zenon arc-discharge source. Figure 4-41 
is a uniformity map of the simulator’s output beam as measured during 
final calibration. The positions of the bottom two rows of samples 
during their exposure period of 13 days are also shown as overlays on 
the simulator’s output beam pattern in this figure. The "UV 11 beam was 
later shifted to expose the upper two rows of samples, which if overlaid 
on Figure 4-41 would occupy an equal area. 

The 1.3-keV proton beam from the CRETC II proton source was 

checked out relative to the sample array size. Figure 4-42 indicates the 

proton beam uniformity along the two Farraday cup tracks. The sweep of 

these tracks across the sample array was apparent from Figure 4-40. The 

,, 100%’ 1 proton radiation rate used during the "first test stage” was 
9 2 

4 x 10 protons/cm -sec. As seen in Figure 4-42, it is possible that 
the top two rows received somewhat more intense proton radiation. 

Vacuum levels during the experiment were limited only by 

sample outgassing characteristics. Vacuum as measured by an ionization 

-8 -7 

gauge ranged from 10 to 10 torr during peak outgassing periods. 

A side view of the sample 
block would show, from top to bottom, 
an upper row of "strip” (weighted) 
samples; two rows of ESCA samples, 
behind which are the weights and ref- 
erence lines for the upper row of strip 
samples; and the lower row of weighted 
samples. This sample arrangement 
sketched at the right. Inside the 
uppermost and lowermost curved contact 
surfaces are electrical heaters, to 
provide the elevated test temperatures 
for the weighted samples. A thermo- 
couple measures the temperatures of 
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each row of weighted samples. A third thermocouple measures the temper- 
ature of the block on which the two rows of ESCA samples are mounted. 

Results on Uncoated Samples 

The results of these set of tests were somewhat contradictory 
between the 24-hour exposures and the 14-day exposures. Generally, the 
most dramatic changes occurred during the first 48 hours of exposure in 
the chamber when some samples shrank (Upjohn 2080, vj%, and Ciba-Geigy 
B-100, ^2%), and the Upjohn material quickly discolored. However, at 
the thirteenth day when the shield was raised from the one-day exposure 
samples, (to expose these to UV and proton irradiation) the same results 
did not occur. In fact, degradation was visually judged to be just 
about as severe after one-day of exposure on these samples as on the 
14- day exposure specimens. It is believed that the temperature and high 
vacuum (for the previous 13 days) conditioned these specimens to the 
point that when they were exposed to the UV and protons, they degraded 
very quickly. 

Aside from the fact that the radiation profile varied from 
the center to the edges of the beam (Figures 4-41 and 4-42), the thermo- 
setting type polyimides (Kapton and TRW electrocast) generally appeared 
to withstand the environment better than the thermoplastic polyimides 
(Upjohn 2080 and Ciba-Geigy B100). 

As previously mentioned, because of the rapid darkening and 
general degradation of these uncoated materials, exposure testing was 
terminated after 14 days. The copper block fixture with the specimens 
intact was then returned to JPL for disassembly and further specimen 
diagnosis. The following general visual observations were noted during 
disassembly at JPL: 

(1) All ESCA sample masks were easily disassembled and 
cleanly removed. Black fragments of samples No. 3, 

No. 5, and No. 8 (14 day exposures) adhered to their 
masks and were found to be slightly adherent, but 
removable. 
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(2) All ESCA samples exhibited various degrees of electro- 
static attraction for the copper surfaces, and with few 
exceptions, were easily removed. Typically, the charred 
or. black portions of the films were more adherent to the 
copper block. The most notable exception was sample 

No. 2 (14 day) whose edges under the mask were badly 
stuck to the copper block, but surprisingly the irra- 
diated area was not stuck and easily lifted off. Again 
sample No. 2 (1 day) was found to be brittle, easily 
broken when handled, and exhibited some evidence of 
clinging at the edges which were under the mask. As a 
generalization, the 1 day samples seemed to exhibit 
more overall adherence to the copper block than the 14 
day samples, but the difference was small. 

(3) The 1-day Rheovibron (weighted) samples were in general 
easily removed from the copper block, exhibiting to 
various degrees electrostatic clinging and some stronger 
bonding (but removable) involving only charred or black 
areas of the films. 

(4) With the exception of samples No. 6 and No. 7, the 14- 
day Rheovibron samples were renovable, but overall there 
was a greater tendency toward more adherence, consisting 
of electrostatic clinging and charred bonding. Samples 
No. 6 and No. 7 were strongly bonded to the copper 
block. Sample No. 3 readily fell off the block, and 
samples No. 1 and No. 8 exhibited very slight electro- 
static clinging. 

(5) With specific attention to only the areas of the ESCA 
and Rheovibron samples which were exposed to radiation, 
clinging which was of a type judged to be greater than 
or different from electrostatic clinging, occurred only_ 
when encountered with the charred or black portions of 
the film. 



o 
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(6) Sample No. 6, the Ciba-Geigy polyimide, after 1 day of 

radiation exposure underwent a decrease in width from 

an initial 5.61 mm to 3.77 mm, and an increase in 

thickness from an initial 7.41 x 10 mm to about 
-3 

20 x 10 mm. 

ESCA Analyses 


Various questions and concerns were raised and expressed 
about this test, a key question centered on whether or not copper acted 
in any way, such as a catalyst, to either promote or accelerate the 
radiation damage. Accordingly, ESCA analysis centered on two areas, 
detection for copper in the irradiated films and the direction of radia- 
tion damage through the films, either from the irradiated side through 
to the copper side, or from the copper side outward toward the radiation 
source . 


The results of the ESCA analysis of these materials were as 

follows; 

(1) Copper in concentrations ranging from 3 to 5 atomic 
percent was found on all surfaces of the materials, 
but not in the bulk of the materials. 

(2) The radiation exposure caused the materials to carbo- 
nize, as determined by the decreases in concentrations 
of the non-carbon elements. Carbonization is more evi- 
dent on the radiated surfaces, then on the back sur- 
faces, but the gradient of carbonization, although dis- 
cernable, is not great. It could not be determined 
from these tests whether the proton or UV radiation 
caused the carbonization. However, in some tests con- 
ducted at TRW, ^ proton irradiation was identified as 
the cause of optical degradation to Kapton film. 

(3) Evidence from these tests indicate that radiation 
damage to the materials proceeded from the radiation 
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exposed side of the samples toward the back side which 
is in contact with the copper block. 

(4) It is speculated that proton bombardment caused sputter- 
ing of the copper, which may be the mechanic by which 
copper deposited on the surfaces of the samples not in 
contact with the copper block. This same mechanism of 
metal transfer has been observed by the ESCA people 
when they are Argon etching. Argon striking metal 
masks causes sputtering of the metal and deposition 
onto surrounding surfaces. The mechanism by which 
copper deposited on the back side of the films is not 
explained. 

Rheovibron Analysis 

Only Rheovibron samples Mo. 1, No. 6, and No. 8 after 1 day, 
and samples No. 1 and No. 8 after 14 days had sufficient length and body 
for mechanical testing on the Rheovibron. The modulus results on these 
exposed samples, along with those for the controls, are tabulated in 
Table 4-31. Because of degraded condition of the samples, all that can 
really be said is that the modulus values decreased from exposure, again 
strongly pointing out the need for reflective, protective coatings on 
the polymer films. 

Metallized Film Experiments 

For the second set of tests conducted at the Boeing Radia- 
tion Effects Laboratory, several changes were made. First, the test 
samples were metallized films of the two major candidate polymers; 
Kapton-H and Ciba-Geigy B100. Ten benchmark coated samples of these 

O 0 

films (1000A of aluminum on the front surface and 125A of chromium on 
the back) were irradiated with 1.3-keV protons and UV, visible, and 1R 
radiation at a 16-sun rate. Test conditions differed from the first test 
set in that the samples were suspended in the chamber in such a manner 
that their irradiated zones were "free-standing", i.e., not in contact 
with any temperature control mechanism, nor any portion of the vacuum 
chamber or other apparatus. The test was designed such that each sample 
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Table 4-31. Modulus Values of Boeing Test Materials (Rheovibron Analysis) 


A. Before Exposure 


Boeing 

Sample 

No. 

JPL 

Log 

No. 

Sample 

Designation 

Modulus , 
PS1 x lO -3 

i 

141 

Ames O 2 Etch 

5.06 

2 

66 

LaRC Cast Polymide 

5.02 

3 

118 

Joint 

Not Measured 

4 

82 

KOH Etch with Post Cure 

5.04 

5 

135 

TRW Electrocast 

4.33 

6 

140 

Ciba Geigy B100X 

2.69 

7 

85 

Upjohn 2080 

4.19 

8 

106 

KOH Etch W/0 Post Cure 

4.96 

B. After Exposure 


Boeing 


Exposure 


Sample 


Time, 

Modulus, 

No. 


Days 

PS1 x 10~ 3 

1 


0 

5.06 



1 

4.94 



13 

2.06 

6 


0 

2 . 64 



1 

2.07 

g 


0 

4.96 



1 

4.64 



13 

2.34 


was to acquire a steady-state temperature as determined bv (1) its 
absorption and emission characteristics, (2) the proton and "UV" expo- 
sure rate, and (3) the rate of receiving secondary radiation from nearby 
surfaces. 


The metallized samples are listed in Table 4-32. A total of 
ten specimens with Rheovibron test size dimensions were fabricated, some 
with built-in defects where the aluminum coating was intentionally 
deleted in a thin horizontal segment or gap of varying width across the 
approximate mid-points of these specimens. Also included was a sample 
bonaed joint of each material. 

Figure 4-43 is a closeup photograph of the 10 metallized 
films prior to irradiation. Identification of sample type for its posi- 
tion in the chamber is given in Figure 4-48. The photograph is taken 
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Table 4-32. Aluminized Samples for Second Test Stage 


TYPE I 


TYPE II 


ALUMINIZED KAPTON ALUMINIZED KAPTON 
REFLECTOR, CHROMIUM REFLECTOR WITH GAP 


EMITTER, NO BREAK 
IN Al METALLIZATION 


IN Al & NONE IN Cr 
EMITTER 


TYPE III 



BOND JOINT, Al 
REFLECTOR & Cr 
EMITTER 




Spec 

Type 


Boeing 



Description 

JPL 

Designation 

Chamber 

Position 

Sample 

Thickness 

Direct manufac- 
tured Kapton 

No gap 

I 

340D 

13 

0.16 mil 

Polyimide with 

1-mil Gap 

II 

340A 

17 

0.16 mil 

Benchmark 

Coating! 

2-mil Gap 

II 

340B 

15 

0.16 mil 

5-mil Gap 

II 

340C 

9 

0.16 mil 


Bond 

III 

306D 

14 

0.16 mil 

Direct 

manufactured 

No Gap 

I 

306D 

14 

0.12 mil 

(P.J. Sweitzer) 

1-mil Gap 

II 

306A 

10 

0.12 mil 

Ciba-Geigy B100 
Polyimide with 

2-mil Gap 

II 

306B 

12 

0.12 mil 

Benchmark 

5-mil Gap 

II 

306C 

182 

0.12 mil 

Coating* 

Bond 

III 


16 

0.12 mil 

1 


O 





1000A of M S. tta e " Ut1 " 8 Slde 0t til 

This sample (No. 18) was cut for irradiation tost inn in a a-t- n 
from the direction of cut of the other c:ib.,-<;,igy samples The J 

were cut with the long direction parallel to the machine dirl^t T 

specimen was in the transverse direction. This samnle wa^HTm T 

much more stable than the other Ciba-Geigy snm^leXVpigu^ 
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ORIGINAL PAGE IS 
OF poorquauty 



Figure 4-43. 


Metallized Polyimide Film Samples Before 16-Sun 
UV/Proton Irradiation 

from the side to be exposed to UV and protons. The gaps that were 
intentionally put in the aluminum overcoating by selective masks dor ng 
vapor deposition are visible in some samples. Views of the reverse 
of the sample apparatus as modified for this experiment (Figure J 
show the 1-gram mass below each sample and show horitontal grid markings 
that allowed sample length changes to be measured in_situ during exposure. 

Many of the details involved in setting W exposure Inten- 
sity and attempting the temperature calibration for the chamber are lef 
for the discussion in Appendix HI* 

Results on Mctalliz ed^Samples 

A principal objective oi these tests was to expose the 
temperature-sensitive films to n, more than 16 total suns. During pre- 
lrradiatlon photography of the samples' initial conditions it was 
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Figure 4-44. Weight Positions Below Suspended Metallized Polyimide 
Films Prior to Exposure 

determined that the Ciba-Geigy polymers that were "longitudinally cut" 
had already shrunk appreciable under illumination by the photo lighting 
source. Irradiation by the solar simulator continued the length shrink- 
age in these samples and to a lesser extent in the Kapton films. Data 
on sample length changes, as reduced from periodic photographs of sample 
weight positions in situ before, during, and after the 1100-hour exposure 
period, is presented for Kapton films in Figure 4-45 and for Ciba Geigy 
films in Figure 4-46. Since the current through the UV source lamp must 
periodically be increased to compensate for lamp aging, and since optical 
surfaces between the source lamp and the samples must periodically be 
cleaned, Figure 4-45 includes a charting of these adjustments to show 
the degree of correlation between small intensity adjustments and sample 
lengths. The main coincidence of sample length changes and solar simula- 
tor intensity increases is seen in Figure 4-45 to be after 22 hours of 
exposure when, as described in Appendix ill, the rationale for setting "UV" 
exposure intensity was modified. Figure 4-46 compares the stability of 
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-45. Changes in Radiation Intensity and Kapton Sample Lengths During 1100-Hour Test 
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sample length among Kapton samples as a group, individual Ciba-Geigy 
samples cut longitudinally, and Ciba-Geigy sample No. 18 cut transversly. 

The irradiated surfaces of all ten specimens were affected 
by the proton/UV exposure. This was most noticeable in the Ciba Geigy 
B100 specimens. After the first 20 hours of exposure approximately 80% 
of the Ciba Geigy samples’ irradiated lengths had shortened %5% narrowed, 
as their transition temperature was exceeded. The transverse-cut Ciba 
Geigy sample (No. 18) appeared to be an exception to this statement 
about shortening, although it did neck down soon after the exposure 
intensity was increased to 16 suns. The shape of the solar simulator 
beam is indicated in Figure 4-48, and the uniformity of the proton beam 
is shown in Figure 4-49. Toward the end of the experiment, extensive 
curling, warping, and twisting has affected both the Kapton and the Ciba 
Geigy materials, as shown in Figure 4-47. 

Shrinkage of a sample in both the width and length dimension 
implies an increase in materiel thickness (which was not measured) and/or 
loss of volatile molecules through outgassing in the vacuum test chamber. 
Vacuum gauge indications confirm the latter. 

Insufficient thermal conditioning of the Ciba-Giegy test 
samples before delivery to Boeing for irradiation may have been a factor 
in their greater instability. The Ciba Geigy test samples were "soaked” 
at 250°C in vacuum for 5 minutes. It is believed that a longer condi- 
tioning period might have improved the dimensional stability of the Ciba 
Geigy material tested. 

After completion of 45 days of exposure, all 10 samples were 
extensively deteriorated, friable, and best described as resemblying 
pyrolyzed cigarette paper. With the exception of specimen No. 11 
(Table 4-32), a bonded joint Kapton sample, all of the initially flat 
samples were tightly curled. The condition of the samples suggested 
deterioration resulted from high temperatures, not radiation. 

Considering the degraded condition of the specimens, analysis 
by ESCA and Rheovibron was ruled out, along with planned aluminum peel 
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Figure 4-47. Metallized Films After 1000 Hours Exposure 

strength measurements at Rockwell. There was however one specimen, 

Kapton sample No. 17 (Table 4-32) which was completely intact, although 
tightly curled. By patient and careful handling, this specimen was suc- 
cessfully mounted intact in an Instron test machine and found to have a 
breaking load of near 1.5 grams. This film sample was intentionally fab- 
ricated to have a 1 mil gap of missing aluminum, the gap running width - 
wise across the sample and therefore normal to the applied load. So pre- 
sumably the deteriorated Kapton carried the mechanical load, and based 
on its initial cross sectional area, this breaking load calculates to a 
stress of 1 50 psi. The tensile strength of control Kapton is nearly 
20,000 psi. 


As inferred earlier, it was evident from the condition of 
the specimens that the desired temperatjre level (260°C) for the test 
had been exceeded, thus causing thermal effects to contribute heavily to 
the degradation observed in some o( the test materials. 
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The major contributor to the excess temperatures in this 
test was again the specimen configuration. The curling and twisting of 
the narrow film strips altered their radiative exchange properties and 
resultant equilibrium temperatures. Some film samples rotated enough 
that the more absorbing emissive side was facing the radiation rather 
than the intended reflective surface. Sample changes such as these 
depend on incident radiation levels and on interactions with the test 
chamber as well. Test chamber limitations point out that laboratory 
simulation is not duplication of space. The surrounding chamber is not 
a true black body. In this program, highly reflective nickel plating 
had been used to cover the copper sample block for the second test, 
since in the earlier tests copper and Kapton had previously been found 
chemically incompatible. 


In connection witli future Solar Sailing material studies and 
development, samples more closely simulating planar sheets should be 
irradiated. Long, narrow samples are particularly susceptible to warp- 
ing and twisting. Tensile- loaded samples having widths approaching 
their exposed lengths shou Id be exposed to radiation pertinent to the 
application environments. Lven training of test materials for overall 
circumferential dimensional control should be cons idered * 


From the test chamber standpoint, further control over the 
reflective and radiative properties of surfaces surrounding list speci- 
mens should be exercised during future experiments of the type performed 
lor this program. Hoeing has developed improved test techniques and 
configurations, including use ot wider samples and chamber surfaces with 
controlled reflectance (Reference 2). 


4 . 4 . 3 . 4 Camma an d Neut ron Radial ion, llrookhaven Laboratories in 

Upton, Long Island, N.Y. offered to irradiate Solar Sail materials in 
their nuclear pile, which is a source of gamma and neutrons. The dose 
rate is 10 8 Rads every 12.8 minutes. Two entry ports into tin- reactor 
core were made available to .11'!., which are designed as Vi r > and Vlb. VI . 
was to be used to irradiate Sail materials at levels of It) 8 , lo t) , and 
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1010 Rads, and V16 was to be used to irradiate only at a level of 
2 x 1011 Rads. The port geometry of V15 permits irradiation of 14 mate- 
rials, each sealed in separate quartz tubes, under a 0.5 atm. of helium 
while V16 permits only two materials, again each sealed in a separate 
quartz tube under a 0.5 atm. of helium. The 14 materials to be irrati- 
ated in V15 at each of the three irradiation levels are listed in 

4 33. Without prior experience, it was estimated that 0.5 atm. of 
elitm would yield a material temperature of approximately 150“C. This 
was experimentally monitored by using bare Mylar (sample No. 14) as a 
temperature check, which has a melting point near 250‘C. 


There was concern that chromium could become sufficiently 
radioactive after exposure in V15 to prevent handling. This was not in 
fact realized. The materials were somewhat radioactive after exposure, 
but the level dropped well below 1 mr at 1 cm (the limit below which 

materials legally may be handled in a routine manner) within 2 to 3 
weeks. 


.I rradiation and Visual Examination . Experimentally, many of 
S ° lar Sal1 materials which were to be irradiated at 10 8 , 10 9 , and 
10 Rads in the V15 core of the Brookhaven pile were overheated and 
destroyed due to temperature control problems with the experiment. 
Included were samples No. 1 through 7 to be exposed at 10» Rads, samples 
No. 2, 4, 5, 6 , and 7 to be exposed at 10 9 Rads, and all 14 samples to 
be exposed at 10l° Rads. Due to space limitations in the V15 core, only 
two duplicates of seven samples at a time could be irradiated at any of 
the discrete radiation levels. The arbitrary sequence started out with 
samples No. 1 to 7 at K)10 Rads, followed by samples No. 8 to 14 at lol<> 
Rads, samples No. 1 to 7 at 108 Rads, and samples No. 1 to 7 at 10 9 Rads. 

At this point the thermal runaway condition was detected, ami corrective 
procedures implemented. 


The next batch then consisted of samples No. 8 
exposed at 10« Rads, which were In the reactor for about 12 
Upon removal from the pile, it was found that reactor water 


to 14 to be 
-1 i minutes . 
hud 1 enkod 
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Table 4-33. Samples for Brookhaven Tests 


Sample No. 

Description 

JPL Log it 

14 

Bare Mylar 

463 

13 

Ciba-Ceigy P100 (bare) 

299 

12 

Ames 02 etched Kapton (bare) 

424 

old (195) 

11 

JPL chem etched Kapton (bare) 

423 

10 

CGS production 0.16 mil B100 (bare) 

422 

9 

Production Kapton 0.15 mil (bare) 

421 

8 

Bonded 0.5 mil Kapton (Benchmark plated) 
NR 150 Joints (3 ea. tube) 

340 

7 

Kapton, Cr only 

340 

6 

Benchmark 0.3 mil Kapton 

427 

5 

Benchmark Direct Manfg Kapton 0.12 mil 

425 

4 

Ion plated. Benchmark coating, chem etched 
Kapton 

429 

3 

0,1 mil Kapton A1 only 

234 

2 

Benchmark plated CGS direct production 
0.12 mil B100 

426 

1 

Benchmark plated, 0.5 mil CGS B100 

428 


into and filled the aluminum capsule which contains the seven quartz 
sample tubes. Thus the outside surfaces of the quartz sample tubes for 
this batch were presumed to be at the reactor water temperature of near 
60°C. However, inspection of the Mylar in sample tube Ko. 14 found it 
to be only slightly tan in color (radiation coloring), lut fused hard 
and very brittle on touch. This evidence indicated that the Mylar had 
been heated to a temperature in excess of its 250°C melting point. 

Further, film sample No. 10, of CCS B-I00, initially wrapped 
ina loose cylindrical shape, was found to be tightly shriveled for some 
length along its cylindrical axis, and then flared out to Its initial 
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shape (bell bottom appearance) where the material was in contact with 
the bottom of its quartz tube, which was in turn in direct contact with 
the aluminum capsule. This evidence indicated that the temperature 
gradient from the tube along the length of the sample had a temperature 
range from 60° to somewhere above 325°C, the glass transition tempera- 
ture (Ig) of the material. Thus, even with temperature control tech- 
niques and the presence of leaked reactor water, the best guess is that 
gamma heating from the reactor still caused these sample materials to be 
at temperatures somewhere between 250 and 350°C. Nevertheless, all sam- 
Pl es from No. 8 through 13 were generally in good shape and handleable. 

The next hatch was samples Mo. 8 to 14 to be exposed at 10^ Rads, 
which was ir the reactor for about 2 hours. No reactor water leakage 
occurred during this exposure. The Mylar in tube 13 was charred, black, 
and totally disintegrated. The COS B-100 in tube No. 10 had the identi- 
cal bell bottom appearance as observed for the 10# Rad exposure level. 
Temperatures for this hatch are estimated to have been in excess of 
300°C, and with the exception of Mylar, all the remaining samples are 
slightly discolored to various degrees, but appear to be in good mech- 
anical shape and were returned to JPL. 









■U 


At Brookhaven, the temperature control techniques implemented 
in VI 5 cannot be used in V16, and thus thermal runaway in Vlb was expected. 
Brookhaven therefore irradiated four samples (2, 5, 9, 10) to 3 x 10^ 
Rads in the VI 5 core. These materials were found to be brittle after 
the exposure, but a judgment could not be made as to the relative con- 
tribution of temperature or radiation to the material degradation. 

Mo c ha n leal Te sting. Mechanical testing on the Rheovibron 
was done only with t lie bonded Kapton joints which had been irradiated to 
L0^ and 10^ Rads. Those materials are designated as Brookhaven sample 
No. 8 (Table 4-33). Three each of the samples were irradiated at each 
level. The Rheovibron test results for three controls, and the three 
samples from each radiation level and tabulated in Table 4.34. 
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Table 4-34. Rheovibron Analysis of Brookhaven Irradiated 
NR 150 Bonded 0.5 mil Kapton Joints 

(Brookhaven Sample No. 8) 


Dynamic Force 

Loss Tangent 

1 

73 

0.010 

Controls i 

70 

0.014 

l 

71 

0.010 

Average 

71 

0.011 

10 8 Rads ] 

r 69 

0.014 

71 

0.009 

\ 

" 67 

0.009 

Average 

69 

0.010 

c 1 

r 69 

0.010 

10^ Rads 1 

70 

0.010 

\ 

62 

0.007 

Average 

67 

0.009 


On the Rheovibron, the "Dynamic Force" is inversely proportional 
to modulus, the calculation of which also requires knowledge of the sam- 
ple dimensions. Since the bonded joint is fabricated in a double con- 
figuration, the selection of appropriate dimensions for a modulus calcu- 
lation is not straightforward. Recognizing this in advance, all nine 
samples were cut out of a common bonded film, and all were sliced to the 
same length and width dimensions. Hence, dynamic force can provide com- 
parative information, and form the data of Table 4-34, there is a sug- 
gestion that the modulus (strength) of the bonded joint samples increased 
with radiation exposure, at least up to 10^ Rads. Whether the slight 
increase in modu.us is related to the adhesive joint, or to the base 
Kapton film is not resolvable here, but it is known that the modulus of 
Kapton film will slightly increase with radiation exposure up to a dos- 
age of about 3 x 1 0 9 Rads, there being no data at higher rates. 

"Loss Tangent" is a property of materials undergoing dynamic test- 
ing which relates to the dissipation of mechanical energy. It was pre- 
viously observed (see Reference 3) that the loss tangent was related to 
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the quality of an adhesive joint, with the loss tangent increasing as 
I the joint deteriorated, and that it decreased as bond strength quality 

I of the joint improved. The hypothesis to explain this suggests that 

friction develops between debonding areas, which increases mechanical 

I 

j energy dissipation and therefore the value of the loss tangent. Examina- 

tion of the loss tangent data in Table 4-35 is suggestive of subtle 
decreases in loss tangent, which would indicate at the very least no bond 
deterioration, and possible some bond strength improvement. 

The Brookhaven reactor puts out a gamma heacing rate of near 
9 watts per gram of irradiated material. For plastic films such as 
Kapton, this translates into a material heating .*.»te of near 8°C/second. 
"‘'us in one minute, temperatures of the samples could be approaching 
4c '°C. Given that poor heat transfer conditions exist between the sealed 
samples and the outside reactor cooling water (maintained at 60°C), ther- 
mal degradation of the test materials is a major concern. Because of 
this, experimental results on Brookhaven irradiated materials might not 
provide a fair evaluation of the Solar Sail materials. 

4.4. 3. 5 Proton Tests . The absorbed dose, calculated for the entire 
mission as a function of position in the film is shown in Figure 4-50. 

The range of reported threshold doses for mechanical damage to Kapton 
is also shown. Based on this data, no bulk degradation would be expected 
through most of the thickness of the film. The high surface dose could 
produce mechanical damage in the Kapton, and potential catastrophic 
degradation of the aluminum adhesion. 

In order to reduce the uncertainty in the threshold dose 

and to obtain an initial assessment of the expected properties of the 

film at various depths, a series of proton tests was carried out by 

MSFC. Samples of 0.1 mil (chemically etched f ron 0.3 mil commercial 

film) Kapton with aluminum and chromium coatings were irradiated with 

8 9 10 10 

440 keV protons to total absorbed doses of 10 , 10 , 10 and 5 x 10 
rads. No significant changes were detected up to 10*^ rads. 
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Figure 4-50. Absorbed Radiation Dose as a Function 
of Position in Sail Film 

9 

The sample Irradiated to 5 x 10 showed no apparent effects 
when removed to an purged bag at completion of the exposure. Within 
approximately 20 minutes it had broken into two pieces and by the fol- 
lowing morning into snail fragments. 

From Fig. 4-50 it is obvious that this result raised concern 
about the integrity of the surface of the Kapton and the Kapton/aluminum 
interface for the Benchmark design. The concern did not extend to the 
viability of the Sail for the HCRM since significant additional attenua- 
tion of the radiation, down to acceptable levels (for HCRM) could be 
achieved with increased aluminum thickness and substitution of ITO for 
Cr on the back side. 
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The observed degradation-at 5 x 10 10 rads raised several 
questions which wouid have required resolution for a HCRM hut which were 

never addressed: 


• A. — L. n t- r Art 1 H 


10 




10 


• 4 « A 


. What is the nature of the (delayed) failure! is it 

characteristic of what would happen during the mission 
or the result of some secondary process? 


. Would the damage adversely affect the Kapton/Aluminum 
adhesion? 


• What levels of conservatism are in the curve in 

Figure 4-50? (Comparable profiles by MSFC indicated 

lower dose levels). 


4436 V'^rroeratlc Control/Dissipa tion. Metallic or conductive 

semiconductor coatings appear quite promising as a means for dissipating 
electrostatic charge and enhancing the thermal emittance of the Solar 




tVip main ooints are: 


(1) Thin metallic films (e.g., a few hundred angstroms of 
Cr, Al, etc.) are suitable to dissipate charge and 
improve thermal emittance. 

(2) ITO (In 2 0 3 Sn0 2 ) appears to be the most promising oxide 
semiconductor since Sn0 2 requires a 300°C heat treat- 
ment and may be unstable, 


(3) 

(4) 

(5) 

( 6 ) 
(7) 


Sb doped Sn0 2 is quite superior to Sn0 2 , 

The composition and vacuum deposition conditions can 
significantly affect the resistivity of ITO coatings, 

ITO coatings appear stable to UV radiation (1300 I'VSID 
and high temperatures. 

vacuum deposition works well for both metals and 
semiconductors and is suitable for scale up process. 

T „e use of thin metal or semiconductor films to Improve 
the thermal emittance involves an approach which com- 
bines the benefits of using high resistivity (high 
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emisslvity) materials In an interference filter type 
configuration. 

(8) The most proving backside coating free, both electro- 
static dissipation and thermal emittance appears 
o, 10 0A cr or s-lOOOA ITO. A potential problem w th thi 
thickness of chrome is an increase in -sistiv t, 1 
creasing, it becomes oxidized and non-conducting in a 
t elevated temperatures. and nay not provide enough 
particulate radiation protection to the kapron film. 

* problems with ITO related to space performance have been 

ta rifled Thoniy problem seems related to its conductivity as die 

identified, Tne omy v conducts, but 

rated by the coating technigue Vacuum This is 

eecaslonall, .ere the oxygen content 

most likely a tunc influences the morphology of the coating, 

entering the chamber strong ^ ^ deposition thickness 

The major drawbacks of ITO or a e (multiple passes to achieve 

required (1000A) posed processing * coating technology, 

desired thickness) and the experimental status 


rnm puter Simula^io n_of_Abso^gd_ j Do8e. 


4 . 4 . 3. 7 

gaileyls_922SS-A e i^S^^^^ * ^^".‘‘“ulrmed using a JPL derived 
nuclear radiatiot . dose ^ analysls . The purpose of this 

environmental parttc radiation effects on 

effort was to estimate the ” a * nlt “ ” ° four lma ry degradation 

the Solar Sail film and surface coatings. 

environments were: 

(1) Earth’s Radiation Belts 

(2) Solar Wind 

(3) Solar Flares 

(4) Cosmic Rays 

Hons fluence peak flux and dose distributions 
The particle nterac , hUld computer program, 

through the film were computed using a 


4-156 


The general earth-solar wind relationship is shown in 
Figure 4-51. The solar wind direction, is canted with respect to the 
earth's proton and electron belts. The radiation effects analysis takes 
into account the orientation existing from launch, January 1982 to 
Halley's Comet rendezvous in March-April 1986. The fluences expected 
for a HCRM are shown in Table 4-35. The solar protons tend to occur 
in conjunction with sunspot maximum which should peak around 1980 and 
diminish until 1986. (Figure 4-52.) 

I j the computer simulation, the basic environmental distribu- 
tion shoun in Figure 4-51 was used at the 95% level whenever an option is 
given. The results (Figures 4-53, 4-54, 4-55, and 4-56) show the flu*, 
fluence, dose rate, and dose distributions through the benchmark coated 

polymer film. 

p aafiaee Through the Earth's Ra diation Belts,. A calculation was performed 
to determine the amount of dose received by a single fast passage through 
the earth’s Van Allen belts. The dose profile from protons and elec- 
trons impinging on a single side, i.e., the aluminum is shown in Fig- 
ure 4-57. The radiation dose is low compared to the levels obtained over 
the total mission, most of which is received during the cranking orbit 

at 0.25 AU. 


Snrfaca Erosion Calculations . An investigation of the effect of high 
energy protons and electrons on the aluminum and chromium metalliza- 
tion of the benchmark configuration was also performed. Because of 
their heavier mass, high speed protons were considered to be capable 
of inflicting the greater damage. The results are as follows: 


Percent of Atoms Removed 


Aluminum (10-* A) 


Chromium (125 A) 


0.25 


1.46 


Worst case assumptions were used in this study but 
found to be negligible. The main elements formed 
were Si^? and Mn^, both position emitters. 


the effects were 
by direct activation 


4-157 




O 
























1 3f;V-j 

-$r 


Solar Wind 


k=#' '■ • 


Inter- Intermediate 

planetary Energy 
Protons Protons 


Solar Proton 
Events and 
Cosmis Rays 


Solar Wind 


Inter- Intermediate 
planetary Energy 
Electrons Electrons 
(Solar and 
Jovian) 


Cosmic Rays 


0 

900 
1 keV 


10 keV 
100 keV 
1 MeV 

1.4 MeV 
2.8 MeV 

8.5 MeV 


10 MeV 
30 MeV 
60 MeV 
100 MeV 
1000 MeV 


1.9(17) 

1.9(17) 

1.5(17) 


3.0(15) 

5.9(13) 

1 . 2 ( 12 ) 1 . 2 ( 12 ) 1 . 2 ( 12 ) 
6 . 6 ( 11 ) 6 . 6 ( 11 ) 6 . 6 ( 11 ) 
2.0(11) 2.0(11) 4.4(11) 

9.4(10) 9.4(10) 2.1(11) 


1.9(11) 

6 . 8 ( 10 ) 

2 . 0 ( 10 ) 

4.8(9) 

2 . 1 ( 8 ) 


0 

1.8(18) 

10 eV 

1.8(18) 

20 eV 

1.6(18) 

30 eV 

1.2(18) 

10f eV 

1.8(17) 

i keV 

8.5(14) 

10 keV 

4.0(12) 

100 keV 

2.0(10) 

1 MeV 

9.3(7) 

10 MeV 

2.2(7) 

100 MeV 

2.0(7) 

1000 MeV 

7.4(6) 




















Percent of Atoms Activate'* 

Aluminum (10 3 j U Chromium (125*1 


For the environment postulated, both effect, are estimated to be 
negl igible. 


T "' P re iiminary evaluation of the effect of space radlatte 
on thin solar Sail film. „ere completed in this initial effort. The pri 
«ary environmental effect, that have been treated are absorbed dose com- 
puter simulation supplemented by limited radiation test in* and 
theoretical damage calculat ions . 
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Although major concern areas were identified, future work 
needs to be performed in evaluation of subtle radiation effects that 
remain. Examples are: ion effects on coatings, high energy particle 

reactions, surface contamination effects, free radical formation, dif- 
fusion phenomena and synergistic effects. These and other areas are 
potential investigation topics that should be pursued both theoretically 
and experimentally in order to verify practicality of the Solar Sail 
concept . 

4. 4. 3. 7 Miscellaneous Analytical Methods . To obtain more 

information about the surface chemistry and physics, and adhesion and 
interfacial mechanics of the Sail film and its bonds { a study was con- 
ducted (under contract to JPL) by the Rockwell Science Center, Thousand 
Oaks, Ca. The purpose of this study was to investigate and analyze Sail 
film materials by means of some special refined diagnostic and analytical 
techniques developed by Rockwell. 


Their technical approach was divided into two phases: analy- 

tical tools and high stress (accelerated) testing. The tools consisted 
of : 


(1) 

Ellipsometry - a technique for analyzing and investi- 
gating interfaces 

(2) 

Water contact angle - provides information on the 
surface conditions of polymers and metals. 

(3) 

Surface potential differences - to investigate surface 
effects of metals 

(4) 

Photoelectron emission - another method for character- 
izing and investigating metal surfaces. 

The information obtained from the use of these techniques is 
basically derived from comparative analysis and was to be used primarily 
in investigating Solar Sail materials before and after space effects 
testing to simulate the space and solar radiation at 16 suns intensity. 
For example, the test specimens from the previously discussed tests con- 


ducted at the Boeing Co. and at Brookhaven Labs were to bo further ana- 
lyzed using these "tools". For reasons given in the section discussing 
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these latter tests, the resultant specimens were not suitable for further 
analytical study. However, Rockwell was able to demonstrate that the 
four analytical techniques were capable of yielding reproducible and 
characteristic readings on control samples of the film materials. 

In the area of high stress testing, Rockwell conducted 
experimental work to develop the following types of accelerated tests: 

(1) Coating Integrity - Exposure to polar solvents - 
metallized (A1 and Cr) films heated in polar solvents 
should eventually separate or delaminate from the poly- 
mer substrate. The time-to-delaminate can be consid- 
ered a measure of coating bond strength, for a fixed 
solvent and temperature condition. Alternatively, 
intermediate exposure times should result in reduced 

bond strength which could be used to calibrate the 
tools. 

(2) Temperature cycling - metallized film was thermally 
cycled from room temperature to 250°C once every 

6 minutes. 

(3) Thermal shock - metallized films were heated to 260°C 
and allowed to stabilize at that temperature. They 
were then quenched in liquid nitrogen. This step was 
repeated through several cycles. 

(4) Vibration - strips of metallized film were placed in 
slight tension by clamping the ends between two fixed 
grips. The center of the film strip is then attached 
to a vibrating piston operating at 40 Hz and an 
amplitude of 0.25 inch. 

These four tests were devised to simulate the mechanical and 
thermal environments that the Sail film might experience both in the 
pre-launch and mission environments. They found that the surface charac- 
terization of the film changed with some of the degradation processes, 
e.g., thermal cycling, vibration cycling. However, the changes observed 
were not relatable to physical degradation that might occur under 
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anticipated Solar Sail service conditions. Visual observations of the 
metallized film material after exposure to drastic thermal and mechani- 
cal shock or cycling indicated that it was very stable. However, the 
analytical tools developed, indicated that in some cases the chromium 
layer was detrimentally affected. This was also observed viaually at 
times. 


At the time that work was suspended on the Sail program, 
Rockwell had demonstrated the capability of their sophisticated analy- 
tical tools to characterize the Sail film materials on control speci- 
mens. Unfortunately, they were not able to verify their findings by 
characterizing samples that had been exposed to simulated space and 
solar radiation, e.g., the Boeing and Brookhaven tests. 


A-lf.7 
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A. 5 SUPPORTING STRUCTURES 

At the time the Heliogyro design concept was adopted for 
the Solar Sail vehicle, the structural materials for the previously 
pursued square sail were still under study and not sufficiently fina- 
lized to warrant inclusion in this report. The following discussion 
of supporting structures is, therefore, limited to the Heliogyro ver- 
sion. The information presented in this section is directed at the 
consideration of Solar Sail propulsion in the future, which will 
definitely employ the Heliogyro concept in view of its high efficiency 
and unique maneuverability. 

For the convenience of the reader, the discussion includes 
some essential design aspects, even though they may have been covered 
earlier in this report. 

A. 5.1 Identification of Structural Components 

From the viewpoint of overall design and material require- 
ments, the Heliogyro structures may be divided into three major 
subassemblies: (1) the hub structures which provide the structural 

support, the deployment mechanism and the pitch control of the blades, 
(2) the flap hinge brace assembly which may be considered as blade 
root structure, and (3) the blades. These subassemblies and their 
major components are identified in Figure A-58 with the nomenclature 
used throughout this chapter. 

An overview of the individual structural components is pre- 
sented in Table A-36, together with the quantity per vehicle, the 
largest dimension and the identification code of the section in which 
they are discussed. For completeness, the table includes a few non- 
structural components (in parentheses). 
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Figure 4-58. Major Heliogyro Structural Components 
4.5.2 Material Requirements and Generic Materials Selection 


The most basic requirements of structural materials for 
overall systems efficiency are high strength and/or stiffness, low mass 
(weight) and high dimensional stability throughout the temperature 
range from near-sun orbit to aphelion. These requirements can be 
translated into the following material properties: 

High Strength to Weight Ratio 
High Stiffness to Weight Ratio 
Low Thermal Expansion Coefficient 

In the early part of the study, aluminum, titanium and polymer-base com- 
posites were considered as candidate materials. A first-order analysis 
was performed on the oasis of merit functions representative of the 
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4.5.3 Selection of Graphite/Polyimlde Composites 

The selection of specific polyimide types as composite 
matrix material was based on three criteria: (1) maximum temperature 

capability, (2) curing requirements and reproducibility, and (3) adapta- 
bility to joining. An evaluation of various commercially available 
polyimides led to the selection of the following types: 

Max. Temp. Joining 

330°C (620°F) Thermoplastic 

290°C (550°F) Adhesive Bonding 

DuPont NR-150-B2 emerged as the most attractive matrix 
material since it combines hightest temperature resistance with ease of 
joining due to its thermoplastic characteristics; however, the curing 
cycle is somewhat complex, and effective joining by thermoplastic 
methods has not been adequately demonstrated in composite applications. 
PMR-15 (NASA-Lewis) and the alternate LARC-160 (NASA-Langley) offe.* the 
advantage of highly reproducible curing characteristics, yet exhibit 
more limited high-temperature capabilities; since both are thermoset- 
ting, joining can only be accomplished by adhesive bonding. Ultimate 
matrix selection is governed by the temperature and joining requirements 
of specific components. 

The choice of graphite fibers depends likewise of the 
requirements of the specific component. Tension-critical components 
call for a high strength fiber, such as HTS, Celion 6000, Modmore II or 
Thornel 1000. and stiffness-critical components for a high-modulus 
fiber, such as HMS or GY-70, All candidate fibers exhibit an extremely 
low (negative) thermal expansion coefficient, which can be adjusted to 
zero in multiple-layer composites by an appropriate orientation 
pattern. 


Polyimide 

NR-150-B2 

PMR-15 1 
LARC-160 ] 


The extreme time limitations of the Heliogyro program (5 
months) did not permit an experimental evaluation of the selected 


provided^ T""'* d6fl " 1Ci ° nS *«•*<»•. drived from data 

, , y ” aterial Pr0d ““ re ' fr °" NASA-sponsored experiments! eva- 

desl " Pr ° 8 ! a " S “ d fr °" the ° retlcal studl -* s - The tentatively Adopted 

comoon t ° r Varl ° US graphi te /polylmlde composites an d structursl 
omponent categories (as of the time of program termination) are 

summarized in Table 4-37 (primary data source! Reference 3). 


4.5.4 


Materials for Individual Structural Com...... 


“““ “ aIlnas Che materials selected for individual 
components on the basis of structural loads, temperatures, operational 

the “a”! ^ Pr ° duCiblUt >’- The temperature data are based on 

following optical properties of graphite/polyimide composites! 


Uncoated 

Absorptance 

0.80 


Emxttance 

0.80 

Al-Coated 

Absorptance 

0.15 


Emittance 

0.05 

Total Emlttance (flear-fia* 


facing side AJi-coated) 

0.85 


Note that the data for the Al-coated opposite are som^hat highe than 

for the Al-coating of the film , 0.12 and 0 . 03 ), accounting for surface 
degradation during assembly and operation. 

bladeTT^ 71,6 b ° dy> ” MCh — aa central hub 

. , S ' S a tubular truss structure, 9.55m in length and 

1»5 in in diameter (Figure 4-60') tk 0 •» , 

(truss elements) varies fr m 0 7 t IndlVidUal tubl "* a 

to 10 cm. 3 " “ d the fttf 2-5 


lemgera^ures! Since the center body as a whole remains a. a constant 

ZZLT T ln8S Ca " ba SaleCtiVaiy " at " d “ e materia 

mperatures. However, due to the varying orientation of individual 

russ members, the temperatures vary from app. 230 to 325°C <450-620°F> 

This temperature range dictates the use of HR-,50 as matrix material. 


Table 4-37. Properties of Graphite - Polyimide Composites 
Based on Test Data, Except (=) Engr. Estimates 



) Assuming thermal shielding of battens 



720- 


SPUCE JT 




HUB-END 
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Figure 4-60. Center Body 

Loads : The center body is primarily stiffness-critical with high 

compressive loads, calling for a high-modulus fiber. 

Base Material: Composite tape, 2. 5-3. 5 mil thick, with the following 


composition: 


Matrix: NR-150-B2 


Fibers: GY-70 or HMS 


Tubing Construction : The tubings are manufactured from the base 

material tapes by multiple lay-up in 0°, +45° and -45° orientation, 
with a maximum permissible number of 0° layers to increase stiffness 
and compressive strength. This may necessitate an "unbalanced" lay-up 
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pattern, which is acceptable for tubings. Composite wall thickness 
and number of layers are as follows: 

Tubing Diam. Wall Thickn. 

nun (in) mm (mil) No. of Layers 


25 

(1) 

0.38 

(15) 

5 

50 

(2) 

0.56 

(22) 

7 

75 

(3) 

0.76 

(30) 

9 

100 

(4) 

0.76 

(30) 

9 


Assembly : Individual tubings are connected with titanium alloy brackets 

The necessary adhesive bonding requires pressure which can be easily 
applied to the first bracket by the use of an expandable and retract- 
able internal mandrel (Figure 4-61A) . A problem arises for the second 
bracket, as the closed system precludes the insertion of a mandrel. The 
use of slightly tapered tubings (advantageous also in tubing fabrica- 
tion) and brackets generates sufficient pressure as the tubing is 
inserted in the bracket (Figure 4-61B) . The bracket holes are drilled 
to exact distance after bonding. 

4. 5. 4. 2 Booms and Yokes . The function of these two components is 

the deployment and retention of the blade. They are essentially box- 
beams with rectangular cross-section and one open (longitudinal) side 
(see Figure 4-58). Outisde dimensions are as follows: 

Boom Yoke 

Length (m) 4.75 8.2 

Cross-section (m) 0.4 x 0.4 0.4 x 0.5 

The original design as one single unit with flat/thin walls, produced 
by composite lay-up techniques in one operation, appeared quite feasi- 
ble. It was, however, later replaced by a tubular design in view of 
the more predictable stiffness characteristics and the higher confidence 
in producibility. The length of individual tubings ranges from 0.35 
to 0.6 m with outside diameters of 25 to 38 mm (1 to 1.5 in.). 


4-177 


720-9 


PRESSURE 





Figure 4-61. Assembly of Truss Members (Adhesive Bonding 
of Tubings co Brackets) 

Temperatures : Booms and Yokes are subjected to the same cyclic pitch- 

ing and, consequently, sun angle as the blade (for details on thermal 
cycling see section 4. 5.4.6). Even with partial Al-coating, excessive 
composite temperatures up to 400°C (750°F) would be encountered at the 
transient minimum sun angle of 10° during high-pitch periods. Further 
studies and computer analyses showed that these unacceptable tempera- 
tures can be reduced to less than 315°C (600°F) by covering the tubings 
with HRSI insulation, (ns used in the space shuttle), which is a low- 
density felt-like material composed of fine quartz fibers. An insula- 
tion thickness of 2 mm, representing a 20% weight penalty, —reduces the 
temperatures for 25-100 mm diam, tubings to 280-305°C (530-580°F), 
respectively. 

Ma terials : Since these temperatures as well as the loads are similar 

to the center body, the tubings for booms and yokes can be produced 
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from the same base material and by the same techniques as specified 
for the center body (section 4. 5. 4.1). 

4. 5. 4. 3 Damper . The damper, located between the inboard end of the 
boom and the pitch control mechanism, has a length of app. 0.15 m and 
a diameter of app. 0.4 m. The use of silicone rubber together with a 
simple heat shield appears to present no problem. 

4. 5. 4. 4 Reels . The reel, located inside the yoke, provides stowage 
for the blade and the flap hinge brace assembly prior to deployment. 

It has a length of 8.1 m and a diameter (at the spindle) of 0.3 m. It 
is primarily stiffness-critical and exposed to comparatively moderate 
temperatures. It is preferably produced from HMS fiber and LARC 160 
or PMR-15 polyimide, except for the titanium tubing axle. 

4. 5. 4. 5 Flap Hinge Brace Assembly . This assembly provides the trans- 
fer and re-distribution of torsional and bending loads between the 
blade (first batten) and the yoke. Major structural components are: 
four struts, two tie— bars and two "stays" in the form of wide— mesh 
systems with edge tendons extending from the tie-bars to the first 
batten. The entire assembly is stowed on the reel (partly in the 

reel spindle) and is self-erecting upon full blade deployment. 

The length of the struts and tie-bars is 3.5 m and 8.0 m, 
respectively. There are stringent limitations on the size and shape 
of their cross-section, as they have to fit into the reel spindle 
for stowage. Since they are further exposed to high compression and 
bending loads at appreciable temperatures, the use of NR-150-B2 and 
GY-70 fiber is mandatory for composite fabrication. 


For the 172 x 8 m wire mesh panels, both quartz filaments 
and metal wire have been considered as alternate materials. The edge 
members may be fabricated from the same materials. The extension of the 
blade tendons to serve as edge members would he most straightforward, 
yet may be precluded by excessive differences in thermal expansion. 
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The wire mesh requires a certain redundancy to compensate for potential 
micrometeoroid damage. 

4. 5. 4. 6 B lades . The blade represents the actual sail of the Helio- 

gyro. It is stiffened in longitudinal or spanwise direction by the 
centrifugal tension generated by the vehicle rotation and an end mass. 
Figure 4-62 gives an overview of blade configuration and major date. 

The total length from the flap hinge brace assembly to the end mass is 
7,340 m at a constant width of 8 m. The centrifugal tension increases 
from 12 N at the end mass to 764 N at the root (reel). The half-load 
point, which is frequently used as reference value, is at 71% of the 
total length in the spanwise direction (r/R » 0.71). 



Since the ultrathin sail film cannot be subjected to any 
structural loads, the tension is carried exclusively by two edge members 
designated as "tendons". 



Figure 4-62. Heliogyro Blade - Tendon Data 





720-9 


The chordwise tension, generated by the solar pressure on 
the film - regardless of the mode of film attachment - has to be 
absorbed further by chordwise compression members or '‘battens 11 , spaced 
at irregular intervals. There are a total of 89 battens in each blade, 
with an average spacing of 80 m. For the purpose of material definition 
and the mode of film attachment, the blade may be considered as con- 
sisting of 89 individual panels, in which tendons and battens provide . 
a reasonably stiff framework for the suspension of the sail film. 

Several designs for these blade panels have been evaluated in 
considerable detail. Three designs which had been defined to the level 
of preliminary manufacturing drawings are shown iu Figure 4-63. In the 
first, the film is bonded to the tendons, resulting in a catenary edge 
curvature. Difficulties in maintaining film flatness led to the second 
design concept, in which individual film panels of app. 15 m length are 
attached to the tendons by means of clotheline-like cross-tendons. 




Figure 4-63. Blade Design Evolution 
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While this concept still requires catenary tendon curvature, it assures 
reasonable film flatness. In the latest design, the film is essen- 
tially attached to the battens, which illuminates the necessity of 
tendon curvature. It requires, however, a rather complex attachment 
mechanism to the battens or, rather, the batten/tendon intersect 
points. 

Blade Temperatures : The temperatures encountered in the blade can be 

defined rather accurately due to the essentially two-dimensional con- 
figuration and the well predictable (programmed) change of position. 
This applies particularly to the tendons and the sail film. 

During the cranking orbit, the blade is subjected to contin- 
uous pitching around the basic (coning) sun angle of 35°. Each pitch 
cycle has a duration of 465 seconds (2 revolutions). There are two 
types of pitch maneuvers, and consequently, thermal cycling as 
follows: 

(1) Continuous low pitch of +10° (sun angle varying 
between 25° and 45° maximum) . Total low-pitch 
time is 9.720 hours, comprising 75,180 thermal 
cycles. 

(2) 16 periods of high-pitch between 10° and 50°. 

Total high-pitch time is 384 hours representing 
2,970 thermal cycles. 

The two types of thermal cycles are illustrated in Figure 4-64 for 
the fi-lm-, together with the associated temperatures. The cycle char- 
acteristics of the tendons are identical, except that temperatures are 
8-ll°C lower (primarily due to the high emittance of the graphite- 
polyimide composite) . 
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Figure 4-64. Blade Temperature Cycles (Near Sun) 
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The somewhat higher values for the Al-coating of the tapes 
account for surface degradation due to handling and rubbing on the 
reel. The values of the Al— and Cr-coatings are based on accurate 
measurements carried out by TRW; the values for the graphite-polyimide 
composite of the tapes are engineering estimates. The temperature 
maxima of 234 C for the film and 224°C for the tendons with excursions 
to 245 C for only 96 hours total are well within the capabilities of 
the selected composite materials, representing a substantial safety 
margin. Cumulative time vs. temperature is illustrated in Figure 4-65. 

The temperature profile of the blade over the entire sail 
cruise time of 1,599 days is shown in Figure 4-66. As indicated, sub- 
zero temperatures are encountered during cruise phase III (aphelion) 
for approximately 750 days (18,000 hours), dropping down gradually to 
a minimum of -128°C. These low temperatures can be substantially 
relieved by blade reversal due to the high solar absorptance of the 
then sun-facing Cr-coating (film) and the uncoated side of the composite 
tapes. A temperature increase in the low-temperature regime is desir- 
able with regard to shrinkage (localized effects as well as overall 
blade dimensions) and with regard to potential enbrittlement of the 
polyimide. 


Temperature minima at aphelion for not— reversed and reversed 
blades are as follows: 


Film (°C) Tapes (°C) 


Not Reversed - Median 

-128 

-131 

- Transient 

-133 

-13(. 

Reversed - Median 

-44 

- 5 ; 

- Transient 

-52 

-65 

AT by Blade Reversal 

81-84 

71-74 
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Figure 4-65. Cumulative Time at High Temperatures (Blade) 
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Figure 4-66, Blade Temperature Over Entire Mission Time 
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It is apparent that the blade temperature rises sharply 
during reversal and drops equally sharp during return to its original 
position. Temperature limitations of these excursions dictate a 
finite range for the timing of the reversal maneuvers. In Figure 4-67 
this range is defined in terms of heliocentric distance and days past 
launch (shaded area). It represents various options between two limit- 
ing conditions for reversal and turnback: 

a. Temperature is allowed to rise to the temperature of 
the cranking orbit (221°C) . In this case the tempera- 
ture has dropped to +42°C before reversal. 

b. Temperature is allowed to drop to the minimum tempera- 
ture encountered by the reversed blade at aphelion 
(-44°C) . In this case the temperature rises from -44°C 
to +85°C during the maneuver. 



775 800 900 10001100 

-J 1 1 1 (- DAYS PAST LAUNCH 

1500 1400 13001200 


Figure 4-67. Range for Blade Reversal 
and Turn-Back 
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the folio I 1 " Pr ° Ulde 8 Saf8t> ' m8t8l,; a8al " St ° VerSh ° 0t " u ~»«.hoot, 
following two options are recommended (see Figure 4-67). 


Heliocentric Distance (All) 
Temperature - Maneuver Start 

- Maneuver Completed 
Days past Launch - Reversal 
- Turn-back 


Option A 
0.70 

+20°C 

+195°C 

778 

1,545 


Option B 
1.08 

-33°C 

+100°C 

795 

1,520 


components next to the film, are 8y 


( 1 ) 

( 2 ) 

( 3 ) 


load (tension) carrying capability at the cyclic tem- 
peratures defined in the foregoing paragraph. 

Lowest thickness to minimize build-up on the reel 
during stowage. 

Adequate resistance to meteroid impact. 

e astic strain in the order of 0,2%, resulting of a total 
growth of the blade length upon full deployment by app. 15 

BS-MsHiJcrm, The prlM crItorIon ^ baso materiai ^ ^ 

necessity of mi„,„i 2e d thickness to prevent excessive stacking bright 
during stowage on the reel (maximum permissible reel diameter is ' 

. m, Witch limits the stacking height to 0.15 m, including battens) 
Uni tractions, graphlte/polyimide tape of 1 mi, thickness was adopted' 

he 0 3 ”„TdT’ “ hlCb CO, ’ 8 “ , “ ri ' d t,,P UUi ” ata in -ew 

0.3 diameter of the individual graphite fiber. Since this 
represented a substantia, advancement of the state of art (limited to 
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minimum thickness of 2.5 mil), a developmental program was initiated 
jointly with Ferro Corporation which led to the successful production 
of 1-mil graphite/polyimide tape in continuous lengths up to 800 m.* 

- ~ - don Pesl fi n ; T he configuration of the tendons is solely determined 
by resistance to micrometeoroid damage. From the viewpoint of load 
carrying capability, a single 1-mil tape of a median width of 25 mm 
would be adequate. However, a single hit by a larger micrometeroid 
at one point of the total 7,340 m tendon length during the 4.38 year 
mission would result in the loss of the blade. This dictates a redun- 
dant tendon design consisting of several narrower tapes arranged so that 
the load is re-distributed in the case of the failure of one member. 

The evaluation of various tendon designs was based on an 
integrated meteroid flux for the total mission time as defined in Fig- 
ure 4-68 in terms of particles/m 2 vs. particle size. Further assump- 
tions were a directionality factor of 1, an average particle density of 
0.5 g/cm and a mean impact velocity of 32.6 km/sec. 


In a redundant (multi-tape) tendon, catastrophic failure 
occurs by either of three modes: 

(1) Failure of an excessive number of redundant elements 

(2) Simultaneous failure of more than one element at load 
transfer points (tape joints). 

(3) Catastrophic failure of the entire tendon by a single 
large meteoroid hit. 


It was found that no tendon design with less than 4 elements 
meets the requirement of appreciable resistance to catastrophic failure 
after failure of one edge element. The slope at tape intersect points, 
further, should be 0.059 or less to prevent combined axial and bending 


*ittr^rM Pe Wa ? 3l » P*; od ^ ced wit h epoxy and polysulfone matrix. An 

ultrathin e n,nU?"°i f ° f thl ? ca P abillt y ls the potential of producing 
ultrathin multi-ply composites, as demonstrated by the successful ** 

manufacture of 7-ply panels with a wall thickness of only 9 mil 


£ 

3 

u 


l 


0 

PARTICLE DIAMETER (cm) 

Figure 4-68. Meteoroid Environment, Expected Number of 
Impacts during Entire Mission as Related 
to Particle Size 

stress in the doubled area from exceeding the axial stress in the 
unspliced region. This is also the highest slope that produces no 
compression. 

These criteria led to the finally adopted tendon design 
illustrated in Figure 4-69. It is composed of two straight edge tapes 
and several diagonal tapes at an angle of app. 2° and intersecting in 
2.5 m intervals. The 0.27 m wide cross-section consists of 5 and, in 
some regions, 6 tapes (average 5.6 tapes). The width of the individual 
1-mil thick tapes varies from 2.1 cm at the root to 0.6 cm at the tip 
of the blade, with a median width of 1,27 cm and a median weight of 
2.89 g/m. 


The failure sensitivity of individual tendon elements as 
related to meteroid size is illustrated in Figure 4-70. Tt ran be seen 


89 
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(NOT TO PROPORTION) 


"A" 


0.4 m 



[♦0.27 m-» 
(CONST) 


TAPE WIDTH 


NOM 1 .27 em 
MIN 0.6 em 
MAX 2.1 em 


TAPE THICKNESS 
1 mil (CONST) 


TAPE MATERIAL 

UNIDIR. GRAPHITE- 
POIYIMIDE COMPOSITE 


WEIGHT 

2.89 g/m (AVE) 
43.35 kg/BlADE 


Figure 4-69. Tendon Design - Tape Data 

that failure of an appreciable fraction of elements occurs only in the 
size range between 0.1 and 1 mm. Below this range the particles are too 
small to cause damage, while above 1 mm the probability of hig becomes 
negligible. Assuming very conservatively the complete meteroid size 
spectrum up to the cm-regime, the fraction of elements failing during 
the entire mission is 0.29%. The total expected failure rate per meter 
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TENDON FAILURE RATE/m 


DUE TO MULTIPLE ELEMENT 
FAILURES 

DUE TO CATASTROPHIC 
FAILURE OF TENDON 


SYSTEM PROPABILITY 
OF SUCCESS .967 


PARTICLE DIAMETER < (CM) 

Figure 4-70. Fraction of Elements Failed 
Due to Meteroid Impact 


of tendon is in the order to 2.1 x 10* 


follows : 


Multiple Element Failure 
Catastrophic Tendon Failure 


Rates by failure mode are as 


1.7 x 10" 


0.4 x 10“ 


On the basis of these data, the overall probability of tendon survival 
has been computed (conservatively) to 0.967. 


According to Table 4-37, the ten*- 1 *n tapes exhibit a minimum 
tensile strength of 120,000 psi. On the basis of this value, the safety 
factor of the virgin tendons against rupture is app. 2.5, which decreases 
gradually with the meteroid-induced disablement of individual members 
of 1.2 at the end of the mission. 
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Summary of Tendon Material ; 

Base Material: Composite of NR-150-B2 polyimide and high- 

strength graphite fibers, preferably Celion 
6000 or Modmore II. 

Composite Form: Unidirectional single tape with a uniform 

thickness of 25 pm (1 mil) and a maximum 
width of 2.1 cm. 

Joining Method: Thermoplastic (fusion). 

A. 5. 4. 8 Battens . To counteract excessive catenary curvature of the 
tendons, i.e., to keep the blade edges reasonably straight, chordwise 
compression members ("battens") are required at variable intervals, 
ranging from 15 m near the tip to 120 m toward the flap hinge (root) . 
Primary design criteria are (1) Stiffness against bending/buckling at 
a maximum chordwise compressive load of 12N, (2) Capability of compact- 
ing at low pressure to a flat configuration of minimum thickness for 
roll-up on the stowage reel, and (3) low weight. 

In the final design, the 0.12 m diam. x 8.0 m long cylindri- 
cal batten was to be constructed from 0.5 x 0.5 mm graphite/polyimide 
tapes, arranged in a 45 spiral lattice and chordwise longerons (Fig- 
ure 4-71). To accommodate both, the cylindrical and flattened config- 
uration, the batten is assembled from two lengthwise halves, connected 
with 6-mm titanium hinges. Assembly and curing of one half-batten on 
a smaller (8 cm diam) mandrel provides sufficient spring action for 
positive self-erection upon deployment from the reel. 

Heat-shielded by a strip of standard sail film, the batten 
temperature does not exceed 250°C (480°F) . This moderate temperature 
permits a wide choice of polyimides as tape matrix. In view of the 
high stiffness requirements, the use of a high modulus fiber, such as 
HMS or GY-70 is mandatory. Compressive strength and modulus are 
included in Table 4-37. 


4-179 




720-9 


I 



Figure 4-71. Batten Construction 
(Circular Section) 

4. 5. 4. 9 Cross-Tendons .- In one of the alternate blade designs, the 

sail area is composed of individual 15-m long film panels- which are 
attached to the tendons by means of two cross-tendons, as illustrated 
in Figure 4-72. Since the temperatures, loads and joining require- 
ments of the 3 mm wide cross-tendons are essentially identical to those 
of the tendons, the same 1-mil tape material can be applied. With 
regard to meteroid damage, the use of two tapes provides adequate redun- 
dancy for high survival probability of at least one tape, sufficient 
for the moderate load. The cross-tendons are joined with the main 
tendons by thermoplastic bonding, while the film is attached by adhe- 
sive bonding. 
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m4 


DOUBLER 


iWi 


FILM PANEL AREA 
* 106 m 2 


\7 1 1 1 Hill (DIMENSION IN m) 

'CONSTANT TENSION LEAF SPRINGS 


Figure 4-72. Film Panel Suspension with 
Cross-Tendons 


4.5.5 Blade Assembly . A short paragraph is devoted to the assembly 

of the blade, since it is possibly the most demanding and complex man- 
ufacturing task ever to be undertaken. In view of the delicate nature 
of the components and the sensitivity of the materials to degradation 
by mere handling, the entire 7.5 km long blade has to be fabricated in 
one single continuous operation, from base material forms to the 
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finished product, rolled up on the flight reel and ready for deployment 
in space. This calls not only for very exacting individual manufactur- 
ing operations, but on-the-spot quality assurance, since the commonly 
practiced inspection and qualification of the end product is not possi- 
ble. A simplified flow chart of the blade assembly, identifying only 
major operations, is presented in Figure 4-73. More detailed informa- 
tion can be obtained from Reference 2, which also includes conceptual 
tooling design. 

4.5.6 Base Material Specification and Quantities . In the follow- 

ing, the most significant base materials for major structural components 
are summarized with regard to material type, material form and quanti- 
ties required for the Halley mission. Quantities include the flight 



Figure 4-73. Blade Assembly Flow Chart 


! 
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vehicle, ground test articles as well as manufacturing waste and 
represent the total demands for material producers. 

(1) Tubings 

Material: Prepreg tape of NR-150-B2 polyimide and HMS 

or GY-70 graphite fibers. Tape thickness 
63-88 pm (2. 5-3. 5 mil). 

Composite Construction: Multiple Lay-up in 0° and 

45° orientation. 

Tubing Dimensions: 2.5-10 cm (1-4 in) diameter, 

0.38-0.76 mm (15-30 mil) thick, in lengths of 
0.8 to 1.5 m. (2.6-5 ft) 

Quantity: 4,750 m (15,580 ft) 

Weight: app. 255 kg (560 lbs) 

(2) Tendon Tapes 

Material: Prepreg tape of NR-150-B2 polyimide and 

high-strength graphite fibers (Celion 6000 or 
Modmore II) . 

Form: Unidirectional tape of 25 pm (1 mil) thickness 

and 0.6 to 2.1 cm (0.32-0.83 in) width. 

Quantity: app. 1.5 million m (^5 million ft). 

Weight: app. 780 kg (1,700 lbs) 

(3) Batten Tapes 

Material: Prepreg tape of PMR-15 or LARC-160 polyimide 

and HMS or GY-70 graphite fibers. 

Form: Unidirectional tape of 0.5 x 0.5 mm (20 x 20 

mil) cross-section. 

Quantity: app. 225,000 m (738,000 ft) 

Weight: app. 83 kg (181 lbs) 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

The feasibility of space-stable, very large area, highly 

2 2 

reflecting film systems at 3.3 gm/m (>300 m /Kg) has been demonstrated. 

2 

A reasonable probability of comparable films approaching 1.6 gm/m 
2 

(>600 m /Kg) has been indicated. 

NASA has decided, for reasons other than high performance 
Sail material feasibility, not to attempt a Halley Comet Rendezvous 
Mission (HCRM) and to concentrate on development of ion propulsion for 
other "low thrust" missions. Reversal of the decision on the former 
(HCRM) is not only unlikely, it is rapidly becoming (if not actually 
already) impossible because of the lack of the time necessary for further 
development and manufacturing scale-up to meet the required launch date. 
Since ion propulsion is judged to: 1) be closer to demonstrated tech- 

nology readiness and 2) have greater growth potential (i.e. to nuclear 
electric propulsion) , there are no plans for Solar Sail development in 
the foreseeable future. 

The ultra-light weight, reflective film technology developed 
for the Solar Sail and the future projection of this technology may have 
a significant impact on other future space missions. Specific identi- 
fied potential applications are: 1) reflecting solar concentrator sur- 

faces for the heat engine version of sattelite power station (SPS); 

2) reflectors for the concentrated photovoltaic version of SPS and 

3) Solares, space reflectors for terrestrial solar power stations. 
Potential other applications include antenna membranes and light-weight, 
high temperature, radiation resistant, multi-layer insulation. 

Some discrete points in current and projected thin-film tech- 
nology are shown in Table 5-1, with an estimate of calendar time and 
dollars to reach technology readiness for missions requiring ^10 m . 
Requirements for a few 10' s or 100's of m can probably be met in much 
shorter time and with significantly less resources. 
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Table 5-1. Current and Projected Thin Film Technology 


Film System 
Area/Mass 
(Incl. Relf. 
Coatitgs) 


Estimated Projection 
to Large Scale 
Technology Readiness* 


Current Status 

Time 

Dev/ Equip $ 

Notes 

11 gm/M 2 
(90 m^ /Kg) 

Nov. 76 

— 

— 

Current 

technology 

3.2 gm/M 2 
(>3C0 m 2 /Lcg) 

Feasibility 

Demonstrated 

2-3 Yrs 

$10M 

Baseline for 
study com- 
pleted 
July 1977 

1.6 gm/M 2 
(>600 m2 /Kg) 

Probable 

5 Yrs 

$10-30M 

Reasonable 

probability 

1.0 gm/m2 
(1000 m 2 /Kg 

Lower Limit 
of Practical 
Terrestrial 
Mfg. 

5 Yrs 

$30M 

Practical 

limit 

(0.2-0. 5 gm/m2 

Mfg. in Space 

10 Yrs 

TBD 

Mfg. in 
low-G and 
vacuum of 
space 


*Note: A few 10's or 100's of square meters could be made in time 

with resources. 


The estimated limit of practical terrestrial manufacture 
2 

(1-1.5 gm/m ) is based on extrapolation of technology and handling 
experience. Lighter weight films could be made but the handling con- 
straints for terrestrial manufacture, assembly, launch stowage and sub- 
sequent space deployment would make large scale applications impactical. 

Reinforced or unsupported films in the range of 0.2 - 

2 

0.5 gm/m could be manufactured and used in the low -g and atmosphere 
free environment of space. 


The significance of reduced „ 

feasibility of very lar*e area °" the 

Figure 5-1 wh ich h StrUCtures ls illustrated in 

, which shows the number of shuttle tUoh* 

ioV reflector film »„e . 8htS required 


loV reflector film „ e T ril 8 Bts mqulred to leu 

lector film and associated structure -n^ , 82 

the approximate si,e The Value of 10 * is 


the approximate size of the collector for the’h 6 ^ 

and also the minimum practical area for a , ^ 6n8ine VerSi ° n ° f SPS 

For this illustration it s n S e SOLARES reflector array. 

proportional to the f’l aSSUm6d ^ *** Structure is directly 

to the film .ass and equal to twice the film mass. 



Figure 5-1. Shuttle Flights vs Area Density for Thin Films 
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FABRICATION OF A SAIL SHEET PANEL 

The panel is fabricated by bonding four 1.0 foot wide x 
7.5 feet long strips of coated 0.3 mil Kapton film into a sheet. Butt 
joints will be spliced with coated 0.3 mil Kapton doublers 0.5 centi- 
meter wide x 7.5 feet long. The doublers will have N.*-150-B2G adhesive 
coated (sprayed) on the aluminum surface to a thickness of 0.1 to 
0.15 mil. Adhesive for making all bonded joints is only applied to 
the doublers. 

Brown Kraft paper is used as a carrier to enable us to move 
the cure the assembly without causing the layup to separate or creep 
out of tolerance. Strips of brown Kraft approx. 5/8 in. wide x 7*7" 
are placed over the doublers in the layup in order to assure that 
adhesive flash cannot get onto the curing facility. 

Solvent tacking is accomplished by spraying a very small 
amount of solvent (ethyl alcohol or ethanol) onto the joint at the spot 
on which the doubler is to be tacked. Before the alcohol dries, the 
doubler must be properly located and lightly pressed onto the alcohol 
wetted spot. Hold a light pressure for a few seconds and then release 

it. 


Soldering iron tacking is accomplished by pressing a heated 
soldering iron onto a piece of brown Kraft paper placed over the spot 
to be tacked. Hold heat and pressure on the spot until the paper 
starts to darken or discolor under the iron. (15-20 seconds.) 
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Step by Step Assembly Procedure 

1) Procure a sheet of 1/4, 3/8, or 1/2 inch plywood 4 ft. x 8 ft. 

2) Cover the smooth side of the plywood with brown Kraft Paper 

stretched tight and wrinkle free. Tape the paper firmly to the 
plywood around the peripheral edges. A longitudinal splice is 
probably required in the paper. Make sure it is located between 
the bond joints and between the paper and the plywood. Use 1 in. 
masking tape. 

3) Cut a strip of coated Kapton 7 ft. 8 in. long. 

4) Lay it flat, (do not stretch it too hard) on a smooth surface 

convenient for spray painting. (The back of the sheet of ply- 
wood with a strip of paper on it might do.) 

5) Spray NR-150-B2G on the aluminum coated side to a width of about 

6 in. so that a strip 6 in. x 7 ft. 8 in. is coated 0.1 to 

0.15 mil with the adhesive. 

6) Air dry the adhesive for two hours or more. 

7) Oven dry the adhesive for 5 to 15 minutes at 225°F. 

8) Cut (carefully) the strip of adhesive coated Kapton into 
doublers 0.3 in. wide x 7 ft. 8 in. long (a total of 11 doublers 
are required for the panel, seven for the butt joints and one 
for each peripheral edge.) 

9) Cut four strips of coated Kapton 1 ft. x 7 ft. 8 in. 

10) Carefully trim the edges straight and to a width of 11.5 inches. 

11) Carefully lay the first stip of coated film on the stretched 
taped paper. Locate it (with the chromium side up) 1 in. in 
from the edge of the plywood sheet and 2 in. from one end. Pull 
it tight (do not stretch) and tape each end in 3 places. 
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TAPE 


12) Carefully lay the next strip so that the longitudinal edges butt 
but do not overlap - and tape in place. (You will probably be 
able to get the two strips to butt at the ends only.) 

13) Tack one end of (adhesive tack) a doubler to the abutted strips 
at one end. Be careful to located the doubler so that one half 
its width is on each strip. (We placed a straight edge on one 
strip one half a doubler width from the joint and used the edge 
to locate, the doubler . ) 

14) Progressively each 4 in. (approx) bring the strip edges into 
contact (do not overlap) and adhesively tack the doubler to them. 

15) When the joint is completely adhesively tacked, soldering iron 
tack the joint in at least 8 places. 

16) Lay the next strip (step 12) and repeat operations 13 thru 15. 

17) Repeat operation 16 

You should now have four 11.5 iri.-x 7 ft. 8 in. strips taped 
to the plywood (or the paper on the plywood) and the three joints 

tacked securely. 

18) Slide a sheet of paper between the film assembly and the paper it 
is taped to, The purpose of this added paper is to prevent slit- 
ting the bottom (carrier) paper as the strips are slitted for the 
four additional seams (joints) . The paper should extend from end 
to end in order to protect the carrier paper fully. 
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APPENDIX II 

o- 

REVIEW OF HIGH PROBABILITY FAILURE MODES AND ASSIGNMENT 
FOR SPECIALIST CONFIRMATION 
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Specialist Organization Identification 

1. Materials 

2. Structures and Dynamics 

3. Attitude Control 

4. Design and Hardware 

5. Spacecraft 

6. Mission Design 

7 . Temperature Control 

8 . Power 
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Solar Sail Sheet Material Failure Interactions 

Review of High Probability Failure Modes 
and Assignment for Specialist Confirmation 


Failure Interaction 


Review Coordination 

Test Group Affected* 

Data Investigative 

Required Organizations 


THERMAL ENVIRONMENT 

Interaction of the sail with the thermal 
environment is the most significant con- 
sideration for this mission since sail 
strength and susceptibility to applied 
load failure modes is a function of 
temperature . 

I. Environments 

A. Sail Loading 

It is particularly important that 
these failure interactions be 
considered against the sail char- 
acteristics with the appropriate 
accumulated environmental history. j 

1. Reduced strength at high 
temperatures can result in 
sail tearing or deformation 
under load. Creep at high 
stress locations reduces load 
capability, affects propulsive 
efficiency and attitude con- 
trol. 

2. Brittleness at low tempera- 
tures can result in coating 
or sheet cracking during sail 
reorientation or reefing. 

3. Worst case dynamic loading 
after deployment is probably 
180° rotation per day in the 
high temperature cranking 
orbit. Stress loads can 
tear or deform sail. 


1 , 2 , 3 , 4 , 6, 7 


1,2,4 


1,2, 3,4, 6 
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Review of High Probability Failure Modes and 
Assignment for Specialist Confirmation (Cont.) 


Review Coordination 


Failure Interaction 

. The 180° rotation per day in 
cranking orbit is the major 
repeated loading sequence for 
the sail. Fatigue failure 
is a possibility. 

. Reefing is a potential cause 
of fatigue failure. Addi- 
tional considerations are 
local stress concentrations, 
folding, and wrinkling. 


Test Group 

Affected* 

Data 

Investigative 

Required 

Organizations 


i, 2, 3,4,6 


1 , 2 , 3, 4 


B. Trajectory 

The flight path affects gross and 
cyclic heating/cooling of the 
sail. Sun approach distance is 
limited by the high temperature 
strength of the film material. 
Potential degradation of opti- 
cal properties by the time of the 
cranking maneuver may restrict 
the minimum AU and reduce perform- 
ance. Occultations from passing 
in front of a planet may cause 
sail overheating from loss of 
cooling emission. Occultations 
from passing behind a planet may 
damage sail coatings from dif- 
ferential expans ion/ contract ion 
of coating and film or may reduce 
gross sail temperature limiting 
sail orientation or reefing for 
a time after emergence. 

II . Characteristics 

Sail response to the thermal environ- 
ment at a given mission milepost 
depends upon changes in sail charac- 
teristics as the result of accumulated 
solar radiation, space vacuum and tem- 
perature history prior to that point. 

*from 11-1 
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Review of High Probability Failure Modes and 
-Assignment for Specialist Confirmation (Cont . ) 


Failure Interaction 


A. Materials Specifications and 
Process Specifications 

The sail must retain strength and 
integrity at temperatures from 
-100 C to 315°C. Materials must 
be homogeneous, without contami- 
nants, solid inclusions or voids 
that will weaken, upset thermal 
balance, or distort the sail in 
the space thermal environment. 
Process specifications must pre- 
vent residual stresses, gas or 
air inclusions in adhesives, and 
uneven material thicknesses that 
will weaken, upset thermal bal- 
ance, or cause unplanned sail 
distortion in the space thermal 
environment. 


Review Coordination 

Test Group 

Affected* 

Data 

Investigative 

Required 

Organizations 

1,2,3 

1,2, 3,4, 6, 7 


B. Aging 

Hardening or embrittlement of 
the sail after accumulated UV 
and vacuum exposure may increase 
its susceptibility to fatigue 
failure from repeated loading. 

Of particular concern are areas 
where coatings have cracked 
allowing direct film exposure 
to solar radiation. 

C. Temperature 


1. Expansion/contraction (non- 
isotropic) of the sail adds 
to the stresses of dynamic 
and steady state loading. 

2. Differential expansion/ 
contraction of the sail due 
to the non-isotropic proper- 
ties of Kapton causes higher 
stresses in one plane. Warp- 

*from 1 I— 1 ing may result affecting sail 


1,3 


1 


1,2 


1,2 


I 

1 

I 

l 

I 

1 

i 

I 

I 

i 

i 
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Review of High Probability Failure Modes and 
Assignment for Specialist Confirmation (Cont.) 


Review Coordination 


Failure Interaction 


thermal balance/control or 
attitude control. 

3. Differential expansion/ 
contraction of the sail compo- 
nents (coatings and film) may 
crack the coatings exposing 
the film directly to solar 
radiation. 

4. Expansion/ contraction after 
deployment may open cracks 
along creases formed in pack- 
ing and storage. 

5. Outgassing of the Kapton film 
at high temperatures may cause 
eruptions in the coatings — 
reducing propulsive effi- 
ciency, revising sail thermal 
balance and exposing film to 
direct solar radiation. 

6. Expansion of trapped air pock- 
ets in adhesives may degrade 
sail scam strength by local 
rupture of the bonds. 

D. Strength 

Sail strength varies with tem- 
perature and the cumulative solar 
radiation exposure. Reduced 
strength at high temperature and 
brittleness at low temperature 
are analyzed under item I. A. 
above for failure modes under 
load. 


Test Group 
Data 
Required 


Affected* 

Investigative 

Organizations 


RIGINAL PAGE I 
F POOR QUALITY 


1 , 2 , 6, 7 


See I. A. 


See I. A. 
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Review of High Probability Failure Modes and 
Assignment for Specialist Confirmation (Cont.) 



Review Coordination 
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Organizations 

E. Isotropic Properties 

Variation of characteristics with 
axis causes unequal load distrib- 
ution and possible sail distor- 
tion and warping. Analysis is 
under I.A. and II. C. 2 above. 

See I.A. , 
II. C. 2. 

See I.A. , 
II. C. 2. 

F. Electrical 



The sail electrical properties of 
surface resistance, capacitance, 
and transverse breakdown voltage 
vary with temperature. 



1. Static discharge from one 
coated surface to the other 
through the film can rupture 
the film and break the coating 
surface. Propulsive effi- 
ciency is reduced, thermal 
balance is disturbed and the 
film is exposed to direct 
solar radiation. 

2 

1 

2. If coated surfaces become like 
charged, the Coatings may be 
pushed apart, breaking the 
bond with the film. The 
separated materials may be 
severely damaged by dynamic 
loading, reefing, and differ- 
ential thermal expansion. 

1,2 

1.2 

3. Static charge over the non- 
uniform constructed, differen- 
tially heated/cooled sail 
may warp the sail affecting 
propulsive efficiency, thermal 
balance and attitude control. 

1.3 

1.2, 3,4, 7 

G. UV Resistance 

Susceptibility to UV radiation 
damage may be temperature 
*from II-l 

1.3 

1,2,6 


II-6 


720-9 


Review of High Probability Failure Modes and 
Assignment for Specialist Confirmation (Cont.) 



Review Coordination 


Test Group 

Affected* 


Data 

Investigative 

Failure Intel action 

Required 

Organizations 


sensitive. UV damage to either 
coatings or film will affect 
strength and possibly electrosta- 
tic and optical characteristics. 
Analyses in I. A. above and II. H. 
below will determine failure 
modes . 

Optical 

Reflectivity and emissivity is a 
function of sail temperature and 
the accumulative influence of 
solar radiation, space erosion 
and mechanical surface irregu- 
larities. 


O'flGWALW®®. 
np POOR Q UALD 


1. Loss of specular reflectivity 
reduces propulsive efficiency. 

2. Reduced emissivity changes 
the sail thermal balance, 
raising sail temperature. 
Increased sail temperature 
reduces strength and increases 
creep. Reduced load capabil- 
ity may result in sail tear- 
ing. Deformation from creep 
affects propulsive efficiency 
and attitude control. 


1 , 2 , 3 , 4 , 6, 7 


Combined reduction of reflec- 
tivity and emissivity magni- 
fies effects of II. H. 2 above. 


1,2, 3,4, 6,7 


III. Failures 


The following sail sheet failure 
modes, due to all causes, have been 
identified in order of frequency. 
Generally only thermal environmental 
causes are considered in this section. 
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Puncture 


Test Group 
Data 

Required 


Affected* 

Investigative 

Organizations 


1.3 


1,2 


Puncture probability from space 
debris (micrometeoroids, cosmic 
dust) is likely unaffected by the 
sail temperature, however, punc- 
tures expose film edges and coat- 
ing bond edges directly to the 
space environment. The puncture 
may. become an initial source of 
coating bond or seam bond 
separation. 

B. Coating Failure Leading to Base 
Failure 

Cracking, peeling, separating, 
cratering of the metallic coatings 
that results in direct exposure 
of the basic film material to the 
space environment reduces sail 
strength and accelerates aging. 

C. Debonding 

Excessive heating, differential 
expansion/contraction and outgas- 
sing of the polymer of adhesive 
entrapped air bubbles can delami- 
nate coatings from the film or 
cause separation of seams and 
joints. Reduced sail strength and 
possible attitude control distur- 
bance results. 

D. Cratering 


1 


1.3 


1.3 


1.2 


1 , 2,3 


1 , 2 , 3 , 6, 7 



Polymer outgassing can cause sur- 
face coating eruptions. The 
results would be reduced propul- 
sive efficiency, revised sail 
thermal balance, direct exposure 
of the film to solar radiation, 
and possible attitude control 
influence. 

*from II-l 
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Failure Interact ion 

E. Dust (Solar Coating) 

Dust coating of the sail reduces 
reflectivity and increases absorb- 
tivity. Sail temperature increases 
in all mission phases leading to 
reduced sail strength and poten- 
tial sail failure under load. 
Reduced specular reflectivity 
affects propulsive efficiency. 

F. Erosion 

Reduced reflectivity and increased 
absorbtivity from erosion 
increases sail temperature in all 
mission phases. Reduced strength 
at high temperature may result in 
sail failure under load. Reduced 
specular reflectivity affects 
propulsive efficiency. 

G. Crosslinking/Deploymerization 

Polymer exposure to direct solar 
radiation where surface coatings 
have been damaged or from exposure 
through the coatings may result 
in revised molecular structure and 
physical properties. Susceptibil- 
ity to damage may depend upon tem- 
perature level and accumulated 
radiation exposure. 

H. Desorption 

Polymer degradation from desorp- 
tion of CO2, H2O, N2 and other 
gases increases with temperature. 

In addition to revised physical 
properties after outgassing, the 
gaseous products may rupture coat- 
ing surfaces, tear seam bonds or 
chemically react with coatings I 
and adhesives. j 

*from II-l 
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Failure Interaction 

SPACE VACUUM ENVIRONMRNT 

The vacuum environment of space results in 
evaporation of materials, volatile compo- 
nents of materials and the layer of 
absorbed gas on the surface of the mater- 
ial. Evaporation of one or more compo- 
nents of the material results in changes 
in the bulk mechanical and physical 
properties. 

IV . Environments 

Failure interactions must be consid- 
ered for sail properties reflecting 
the appropriate accumulated environ- 
mental history. 

A. Thermal 

The rate of desorption and eva- 
poration increases with tempera- 
ture. Outgassing revises physi- 
cal properties, affecting sail 
strength. In addition, the 
gaseous products may rupture 
coating surfaces, tear seam bonds 
or chemically react with coatings 
and adhesives affecting propulsive 
efficiency and attitude control. 

B. Photons 

Evaporation in vacuum is dependent 
upon the cumulative ultraviolet 
radiation exposure. Revised mole- 
cular structure from UV exposure 
may increase mass loss and embrit- 
tle sail material. Reduced flexi- 
bility results in coating or sheet 
cracking during sail reorientation 
or reefing. 


Test Group 
Data 

Required 


Affected* 

Investigative 

Organizations 



1 , 2 , 3 , 6, 7 


1 , 2 , 3 , 4, 7 
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C. Micrometeoroids 

Punctures from micrometeoroids 
expose film and coating bond edges 
to space vacuum . The puncture mayj 
become an initial source of coat- 
ing bond or seam separation. 

V. Characteristics 

Sail response to the vacuum environ- 
ment depends upon changes in sail 
characteristics as the result of accu- 
mulated solar radiation, space 
vacuum and temperature history at 
the time of interest. 

A. Materials Specifications and 
Process Specifications 

The sail must provide, a service 
life of 4-1/4 years minimum in 
space vacuum. Materials must not 
have gas or air pockets that can 
expand in vacuum to rupture the 
sail. Process specifications 
must prevent gas or air inclusions 
in adhesives since these can 
expand in vacuum, rupture sail 
sheet and coatings, reducing sail 
strength, upset thermal balance 
and cause sail distortion. 

B. Temperature 

Vacuum exposure may change the 
physical properties and thermal 
characteristics of the sail mater 
ial. Changes in specific heat 
and thermal expansion coefficient 
affect sail temperature and 
thermal balance. 


*from 11-1 
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C. Strength 

Sail strength is affected as 
physical properties change from 
outgassing or bonds are disrupted 
by rupture or chemical action. 

The effects on propulsive effi- 
ciency and attitude control 
together with failure modes 
under load are analyzed under 
item I V.A. above. 

D. Substrate Bonds 

Bond rupture from outgassing of 
entrapped gas or polymer decom- 
position products reduces sail 
strength, affects propulsive 
efficiency and attitude control 
as analyzed under item IV .A. 
above . 

E. UV Resistance 

Susceptibility to UV damage may 
change as polymer outgassing pro- 
gresses. This may be due to basic| 
polymer characteristics or to 
increased UV exposure (direct) 
because of coating rupture. UV 
damage to film or coatings will 
affect strength characteristics. 
Analyses under IV. A. above will 
determine failure modes. 

F. Optical 

The space vacuum environment has 
an indirect influence upon sail 
reflectivity and emissivity. 

These properties are not directly 
affected by vacuum exposure but 
by the results of surface changes 
from outgassing eruptions. 

*from II-l 
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See IV. A. 


See IV. A. 
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Failure Interaction 

rest Group 
Data 
Required 

Affected* 
Investigative 
Organ! zations 

Optical changes affect thermal 
balance, propulsive efficiency and 
attitude control. 

VI. Failures 

The order of frequency of sail failure 
modes has been established from the j 

interaction of all causes. Geneially, 
only vacuum environmental causes are 
considered in this section. 



A. Puncture 

Probability of puncture is likely 
unaffected by the vacuum environ- 
ment, however, punctures expose 
film and coating bond edges 
directly to the space environment. 
The puncture may become an initial 

1 

1,2 


I 


bond separation. 

B. Coating Failure Leading to Base 
Failure 

Cracking, cratering, of the metal- 
lic coatings from outgassing 
results in direct exposure of the 
basic film material to the space 
environment reducing sail strength 
and accelerating aging. 

C. Debonding 

Outgassing of the polymer or adhe- 
sive entrapped air bubbles can 
delaminate coatings from the film 
or cause separation of seams and 
joints. Reduced sail strength 
and possible attitude control dis- 
turbance results. 


*from I 1-1 
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D. Cratering 

Polymer outgasslng can cause sur- 
face coating eruptions. The 
results would be reduced propul- 
sive efficiency, revised sail 
thermal balance, direct exposure 
of the film to solar radiation, 
and possible attitude control 
influence. 

E. Crosslinking/Depolymerization 

Polymer exposure to direct solar 
radiation where surface coatings 
have been damaged by outgassing 
may result in revised molecular 
structure and physical properties. 
Susceptibility to damage may 
depend upon accumulated radia- 
tion exposure. 

F. Desorption/Outgassing 

Polymer degradation from outgas- 
sing of CO2, H2O, N2 and other 
gases depends upon ambient pres- 
sure and temperature. In addition 
to revised physical properties 
after outgassing, the gaseous 
products may rupture coating sur- 
faces, tear seam bonds or chemi- 
cally react with coatings and 
adhesives. 
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Failure Interaction 

The preceding considerations of in-space 
sail failure modes under the influence of i 
thermal and space vacuum environments have 
described failure modes common to those 
caused by other environments. To avoid 
descriptive redundancy, the following 
failure interactions under the influence i 
of space radiation, solar wind, and microm- 
eteoroid environments, will reference the 
applicable preceding failure descriptions 
and add only unique failure interaction 
descriptions. 

PHOTON ENVIRONMENT 

The infrared and ultraviolet radiations 
are potentially the most destructive por- . 
tions of the solar spectrum. IR radiation 
is essentially heat that must be dissi- 
pated by a high emissivity backside sail 
coating. UV radiation can alter the mole-| 
cular structure, and thereby the physical 
and thermal properties, of the organic 
sail film and adhesives. 

VII. Environments 
Thermal 

Sail strength and susceptibility to 
applied load failures is a function 
of temperature. Tests and analyses 
of Sections I, II, III, and IV. A. are 
applicable. Damage to film, bonds or 
coatings from accumulated UV exposure 
can reduce sail strength at all 
temperatures. 


Test Group 
Data 

Required 


Affected* 

Investigative 

Organizations 


('! At rjY 


| See I, II, 

III, and 

IV. A. 


See I, II, III, 
III, and IV. A. 
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VIII. Characteristics 

The accumulated UV exposure at a given 
mission milepost will affect sail 
characteristics and response to the 
thermal vacuum and loads environment . 

A. Materials Specifications and 
Process Specifications 

The solar sail mission includes 
operation in the high intensity 
radiation environment of a 0-25 AU 
solar orbit. The basic film and 
adhesives must be stable in the UV 
environment and UV stable coatings 
must limit maximum sail tempera- 
ture to 315°C. 

B. Aging 

C. Temperature 


Review Coordination 


Test Group 
Data 

Required 


Affected* 

Investigative 

Organizations 


1.3 


See II. B. See II. B. 


D. Strength 


E. Coating Thickness 

Coating thin spots resulting from 
the manufacturing process or ero- 
sion can cause local hot spots 
from IR rad-iation and expose 
adhesive and film to direct UV 
radiation. Potential effects are 
upset thermal balance, reduced 
local strength, and reduced pro- 
pulsive efficiency. 

F. Substrate Bonds 

Bond strength may be reduced from 
local direct exposure to space 
radiation as discussed in VIII. E. 
above . 

*from I I— 1 


See II. C., 
and V.B. 

See I. A., 
and IV. A. 


See II, C., and 
V.B. 

See I. A., and 
IV. A. 
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1 , 2 , 6, 7 
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G. 

Optical 


Optical properties of the sail 
will be affected if IR or UV 
exposure causes swelling of the 
film or adhesive such that reflec- 
tive surfaces are distorted or 
ruptured, or if pigmentation 
changes occur affecting transmit- 
tance. Effects of optical prop- 
erty disturbance are upset thermal 
balance and reduced propulsive 
efficiency. 

IX. Failures 

A. 

Puncture 

B. 

Coating Failure Leading to 
Base Failure 

C. 

Debonding 

D. 

Cratering 

E. 

Dust (Solar Coating) 


Dust coating will increase sail 
temperature in all mission phases. 
Susceptibility to UV damage may 
be temperature sensitive. 

F. 

Erosion 


Reduced reflectivity from erosion 
will increase sail temperature. 

UV damage may be temperature 
sensitive. 

*from II 
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1 , 6,7 


See III .A. 
VI. A. 

See III.B. 
VI. B. 

See III.C. 
VI. C. 

See III.D. 


°' )l - QVauty 


See III. A., 
VI. A. 

See III.B., 
VI. B. 

See III.C., 
VI. C. 

See III.D. , 
VI. D. 
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G. 

Crosslinking /Depolymerization 





H. 

Desorption/Outgassing 

L~M 


Polymer degradation from outgas- 

.a***- ; , 

: _■>. 


sing of C02, H 2 O, N 2 and other 
gases increases from IR induced 

: £****'■■ 


temperature increases. The 

i c«," ...V: 


revised film and adhesive mater- 

K 


ial may be more sensitive to 

! i 0 • 


UV damage. 


SOLAR 

WIND ENVIRONMENT 


Test Group 
Data 
Required 


See III.JG. 
VI. E. 


See also 
III.H. . 


Affected* 

Investigative 

Organizations 


See IILjG. , 
VI. E. 


See also 
III.H., 
VI. F. 


Corpuscular radiation from the sun is 
called the solar wind. Interplanetary 
dust and gas is blown outward from the 
sun by the solar wind. 

X. Environments 

A. Shape 

The gross response of the sail 
shape to the solar wind can affect 
propulsive efficiency and attitude 
control. 

B. Temperature 

Sail response to solar wind 
caused loads will depend upon 
physical properties at the applic- 
able temperature. 
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C. Electrical Charge 



1. The ionized particles of the 

See II.F.l, 

See II.F.l, 

solar wind may create a static 
charge on the front (sun) side 
of the sail. Static discharge 
may occur rupturing the film 
as considered in II.F.L. The 
static charge may warp the 
sail as considered in II.F.3. 

II.F.3 

II.F.3 

2. The charged particles may 
degrade reflectance charac- 
teristics with influence on 
thermal balance and propulsive 
efficiency. 

1 

1,6,7 

XI. Characteristics 



A. Materials Specifications and 
Process Specifications 

Solar wind density is low, varia- 
ble and patchy due to irregulari- 
ties of sun surface eruptions and 
the interplanetary magnetic field. 
The materials selection must con- 
sider the probable maximum elec- 
tron energy and fluence of the 
solar wind environment. 

1 

1 

B. Aging 

The ionized particles of the 
solar wind may contribute to 
hardening or embrittlement aging 
of the sail. Conversely, aging 
from UV exposure may affect the 
charging characteristics of the 
sail. Aging would affect sail 
strength and thermal balance. 

*from II-l 
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Strength ] 

Sputtering from collision of solar 
wind ions and erosion from colli- 
sion with solar wind-borne dust 
may erode the front side of the 
sail. Tensile and yield strengths 
may be reduced. Aging from elec- 
tron collisions may reduce sail 
fatigue strength. 

Electrostatic Forces 1*2,3 

Collision with solar wind ions 
will either tend to neutralize 
the static charge on the sail 
front or will create a static 
charge. In either case the sail 
shape can be influenced affect- 
ing thermal balance, propulsive 
efficiency and attitude control. 


1,2,4 


1,3, 6, 7 


Coating Thickness 

Erosion from sputtering or par- 
ticles, as considered in XI. C. 
above, may reduce coating thick- 
ness. Optical properties will be 
affected. Coating thickness, 
including tolerances, must accom- 
modate the erosion, retaining 
satisfactory optical properties 
and protecting the basic film. 

Electrical 

Coating erosion by the solar wind 
may change sail electrical pro- 
perties of surface resistance, 
capacitance, and transverse break- 
down voltage. Failure interac- 
tions are as considered in II.F.l 
and I1.F.3, above. 


1,3, 6, 7 


See II.F.l, See II.F.l, 
II. F. 3 II. F. 3 
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1.3 1 * 6,7 


Degradation of optical properties 
from solar wind caused sputtering 
and erosion will affect sail 
thermal balance and reduce pro- 
pulsive efficiency. 


Puncture See also 

Solar dust impact may puncture as III. A., 
well as erode the sail. Pune- VI. A. 
ture will reduce sail strength 
and propulsive performance. 


B. Coating Failure Leading to ; 

Base Failure 

C. Cratering 

Cratering in the solar wind 
environment is caused by the sput- 
tering from ion collisions. 

Effects are reduced sail strength 
and propulsive efficiency in addi- 
tion to potential thermal balance 
effects from reduced reflectiv- 
ity. 


See III .B. 
i VI. B. 


See II1.B. 
VI. B. 

1 , 2 , 4 , 6, 7 


D. Dust (Solar Coating) 

E. Erosion 


See III .E. See III.E.- 

See III.F. See III.F. 
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MICROMETEOROID ENVIRONMENT 


Micrometeorite impact will most certainly 
puncture the sail. Behavior of the sail 
material under hypervelocity particle 
impact should be determined. Character- 
istics of the hole created will influence 
failure modes from this environment. 
Flight path planning will avoid known 
space debris belts. 


XIII . Environments 


Thermal 

The thermal environment does not 
affect the susceptibility to microm- 
eteorite impact but sail strength 
and load capability degradation from 
punctures will be amplified at high 
temperature. Sail brittleness at 
low temperatures may amplify damage 
from a micrometeorite impact by 
shattering or cracking film and 
coatings beyond impact particle 
dimensions. 


1 

See also 
I, II, III, 
IV. A., 

IV. C. 


1,2,4 

See also I, II, 

III, IV. A. , 

IV. C. 


XIV. Characteristics 

A. Strength 1 

Sail load capability is reduced by 
micrometeorite puncture. 

B. Optical i t 3 

Micrometeorite puncture reduces 
reflective surface area affecting 
propulsive efficiency. The punc- 
ture characteristics on the sail 
back sic* may affect emittance 
beyond che reduction in area due 
to the puncture. Thermal balance 
is therefore a potential problem 
area. 
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Failures 

A. Puncture 

Sail puncture from micrometeorite 
impact reduces sail strength and 
propulsive efficiency and may 
affect thermal balance. Exposure 
of film and bond edges directly to 
the space environment may initiate 
bond separations around the 
puncture. 

B. Coating Failure Leading to 
Base Failure 

Hypervelocity micrometeorite 
impact may shatter, peel, exp load 
or craze the reflective coatings 
near the puncture. Such action 
would expose the basic film mater- 
ial directly to the space environ- 
ment potentially hastening degra- 
dation. Propulsive and thermal 
performance losses would be 
greater than that due just to the 
puncture area. 
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IRRADIATION CHAMBER CALIBRATION EXPERIMENT 
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This experiment was designed by JPL and Boeing to compare 
solar illumination obtainable in the laboratory with the intensity of 
radiation anticipated for a Solar Sail in space. A series of experiments 
was eventually performed, by which conventional means of doing UV dosim- 
etry in the laboratory were checked against a calorimeter designed to 
have solar absorptance (a g ) and thermal emittance (e) coefficients simi- 
lar to those of the candidate Solar Sail film materials. The calorim- 
eter was delivered to Boeing and installed inside the CRETC II sample 
exposure chamber just in front of the test film sample plane (Figure A-l) . 



Figure A-1 




. Aluminized Kapton Calorimeter Exposed 
Solar Simulator Beam 


to 16-Suti 
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A Solar Sail film i„ a plana, raoaiving radiation „„ i ts 

ront side and emitting radiation on both sides, would equilibrate at 
a temperature T such that 


r 4 = % 


(SC) (SR) 


° (E f + E b >‘ 

vhere SC is the solar constant. SR is the sun rate, and o is the Stefan- 
B tzrnann constant. It can be sho™ that Solar Sailing under near-sun 

res It 7 n ™ ely ’ SR " 16 tlmeS the Solar intens ity at Earth's orbit) 
u s n an equilibrium temperature of approximately +250°C for 

aluminized Kapton that has an emittance-enhancing coating on the bach 

e on this basis a calorimeter closely simulating a Solar Sail 

m in a and t characteristics could be used in a vacuum chamber to 

darv (b “77 ° f radiati ° n fron a a ° laE simulator, provided secon- 
( ounce) radiation in the chamber were comparable to view factors 
vspacecraft geometry) in space. 

diamet , Cal ° rimater ' above is a circular dish with a 

diameter of two in and thickness of 0.1 in. Hence it approximates 

aWl^h* 11 film ln 3 Plane ’ U WaS fabricated b y TRW with 2 chromel- 
alumel thermocouples on the unirradiated side, one at the center and 

secon 7 in. from the center - the radius which divides the 

calorimeter's total area into halves. Assfing edge losses of heat 

wilVin 8 77 the PerlBeter tHa “>“*»“«. “• hhermocouplefs) 

11 indicate the same equilibrium temperature as stated above for 

thermal • 1 " adiatlon anl partlal absorption on its front side and 
thermal emission from both sides (front and unirradiated back). 

Doinr « < The lrtadiaCI °" Sourca be discussed from the stand- 

Solar Sail T"* 1 C ° ntar,t ’ abSC ' rptio " °" ‘be ("at face of a 

' the Cal0rl " atar VariaS ““ h ‘ ba wavelength. It is pre- 
ntly impractical to obtain total irradiation levels like 16 suns 

filtering" 18 “"7" ^ SalU " 8 along with "close 

hi n SPeCCra n “ tCheS “ Sl " 8 6 8i " Ulat0r ""> blla a "°“8b be com- 

7 T 7 UUra - hl8h - VaC “ U " ‘ ba " b » a "< charged particle accelerator, 
ia, the nearly immobile X-75 and X-200 style solar simulators 
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that have enough energy to trade for close spectral filtering are not 
currently available, and the more mobile, X-25-type power limitations 
must be settled for.) As a result, the relatively large emission from 
a xenon arc in the near infrared (0.8 to 1.2 micrometers) is utilized 
along with the desired continuum across the visible and near-ultraviolet 
wavelength regions. Table A-l shows the relative spectral energy appli- 
cable to the start of exposure of metallized film samples. 


Table A-1, X-25 Solar Simulator Relative Output 


Bandwidth 

(micrometers) 

Scaled 

Data 

Data Hatched 
to 1 Solar Const. 
(watts/m 2 ) 

Engineering 

Standard 

(watts/m 2 ) 

% 

Deviation 

0.25 

0.35 

4.7 

27.3 

58.5 

-53.3 

0.35 

0.40 

06.7 

38.9 

56.9 

-31.6 

0.40 

0.45 

8.5 

51.3 

89.6 

-40.9 

0.45 

0.50 

10.7 

64.6 

100.9 

-36.0 

0.50 

0.60 

22.8 

137.7 

177.0 

CM 

CM 

CM 

1 

0.60 

0.70 

22.4 

135.3 

151.5 

1 

h- * 
O 

0.70 

0.80 

19.5 

117.8 

123.6 

- 4.7 

0.80 

0.90 

33.0 

199.3 

99.3 

+100.7 

0.90 

1.00 

32.2 

194.5 

82.6 

+135.5 

1.00 

1.20 

22.2 

134.1 

120.7 

+11.1 

1.20 

1.50 

18.1 

109.3 

111.8 

-2.2 

1.50 

l.bO 

10.5 

63.4 

66.9 

-5.2 

1.80 

2.20 

8.6 

51.9 

43.8 

+18.5 

2.20 

2.50 

4.1 

24.8 

L 

19.9 

+24.6 


The three bands with the longest wavelengths partially repre 
sent emission from the incandescent electrodes of the xenon arc source 
lamp. This we eliminate by insertion of a water window between the 
solar simulator and the sample expo tire chamber, since pure water 
absoibs wavelengths longer than v,1.4 micrometers and transmits shorter 
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wavelengths down to approximately 0.2 micrometers. "Scaled data" 
represents energy arriving at the detector on a modified Beckman DK-1/ 
spectro-radiometer measuring system. This data is tnen matched to the 
spectral shape of the solar constant in space (air mass zero) in accord- 
ance with NASA/IES engineering standards. The deviations of spectral 
power obtainable, compared with the ideal represented by latest meas- 
urements of actual solar output, are included in Table A-l. 

Between the first and second test stages for the space 
radiation test, program, Boeing modified the in sit u mechanical property 
test apparatus to provide for insertion of the disk calorimeter in 
front of the sample plane, and removal at any time using an in situ 
remote manipulator. As the metallized film experiment was about to 
begin, the calorimeter disk was moved into the solar simulator's "UV" 
beam. The group of 10 test samples intervened between the calorimeter's 
emitting back surface and the water-cooled sample block, modifying the 
effective emittance of the calorimeter an unknown amount. It was deter- 
mined that the solar simulator needed to be set at an output level 
considerably lower than that indicated as 16 suns by a pyrheliometer, 
if a calorimeter equilibrium commonly used for this type of dosimetry 
then indicated that approximately nine total suns and seven UV suns 
were incident on the sample (or calorimeter) plane under these conditions. 


In the second tost set, after 22 hours of exposure the deci- 
sion was made to return to the usual pyrheliometer dosimetry as a basis 
for setting solar simulator output intensity. This decision acknow- 
ledged that the presence of an array of test samples between the calori- 
meter and the water-cooled sample Mock effectively altered the 
properties of the calorimeter so that its indicated temperature should 
not be used as a basis for setting the solar simulator's output level. 
The solar simulator output was according)-.* increased to an intensity 
of 16 total suns as determined by pyrhe’ iuneter dosimetry readings. 

The calorimeter was not reintroduced into the "UV" beam at this time, 
because it was known that the solar simulator intensity was now great 
enough to degrade the calorimeter materials thermally. That is, pre- 
vious short-time insertions of the calorimeter into such an intense 
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beam had shown by the slope of the response curve on a strip chart 
recorder that an equilibrium temperature substantially above ±330°C 
would be reached. 

'• •: ' \' A I . l'U:i |.: 

<)i" Qi > ■, 

At the end of the metallized films (Test Set No. 2) experi- 
ment the solar simulator output level, which was still being maintained 
at 16 total suns using pyrheliometer dosimetry, was again compared with 
indicated calorimeter temperature. The output level of the solar simu- 
lator had been adjusted and the optics cleaned from time to time 
throughout the 1100-hour exposure period of the "second test stage." 

The final-output dial settings, not easily rela table to the output 
settings at 22 hours, understandably also resulted in calorimeter 
temperature indications too high to be sustained safe]y. The array of 
samples at test end was quite twisted and irregular in shape. Portions 
of the back surfaces of some test samples were seen to be facing the 
radiation sources. In such areas greater absorption occurred, due to 
the existence of the emissive coating. This led to higher temperatures 
than planned for the specimens. The twisting modified the calorimeter's 
effective emittance to an unknown and different degree than at the start 
of the experiment. It was determined that the only precise data that 
could be obtained would be a comparison of the calorimeter’s temperatures 
for cases of samples present and samples absent (for a certain reduced 
simulator output level). Subsequently an equilibrium temperature of 
+334°C was obtained from the calorimeter with samples still present and 
a certain solar simulator dial setting. After the ten test samples had 
been removed a calorimeter thermocouple temperature of +330°C was 
obtained with the same dial setting. All temperature readings noted 
here were obtained using the thermocouple at the center of the calori- 
meter’s unirradiated side. Readings from the thermocouple closer to 
the unirradiated side's edge were consistently 3°C less. 

With the ten test samples removed, an outgassed film was 
clearly observable on the water-cooled sample block just behind the 
test sample plane. The patterns of outgassed material were typical 
of thin film interference coatings. As with all other phases of the 
program, high quality color photographs were taken to document the 
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